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ABSTRACT Multiple Input and Multiple Output is a technology through which data are transmitted over the
channel through multiple antennas. However, during its deployment and implementation, some pragmatic
issues arise such as interference, multipath fading and noise leading to potential packet losses and consume
substantial energy. To address such issues, Hybrid ARQ transmissions provide effective means for error
correction, especially in a noisy wireless channel. More often few bits in packets are found to be in error
and it is unnecessary to use the entire MIMO channel for retransmission to correct these errors. Hence, this
paper proposes a novel approach, i.e., Shared Hybrid ARQ (SHARQ IR) using the piggyback technique
in an overloaded MIMO system where the transmitting antennas are more than the receiving antennas.
Additionally, the concept of a simple retransmission method is used to transform an overloaded MIMO
system into either the critically loaded or under loaded MIMO systems. Simulation results outperform the
contemporary approaches through reduced BER and 20% throughput gain. Such improvements have the
potential to support energy-efficient transmissions for encouraging green IoT applications.

INDEX TERMS Multiuser detection, MIMO, SHARQ, BER, incremental redundancy, the Internet of

Things (IoT).

I. INTRODUCTION

Enabling Ultra-Low Latency is crucial for industry 4.0 Smart
Cities Applications within the domain of the Internet of
Things (IoT). Due to limited energy and resources of IoT
devices, such applications demand high data rates, exces-
sive bandwidth and near real-time connections and most
importantly energy-efficient transmissions [1]-[3]. To fulfill
these requirements, fifth-generation (5G) technologies have
been launched. The road to 5G runs through 4G wireless
infrastructure and improvements to 4G technologies such as
massive multiple input and multiple output (MIMO) [4] and
beam-forming are promising technologies that will achieve
high data rates as required in 5G. MIMO system, due to its
substantial capacity and diversity gain, is a key technology
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practically implemented in wireless standards such as IEEE
802.11n WLAN [5], IEEE 802.16 WiMAX [6] and Long-
Term Evolution (LTE) [7]. In recent years, researchers have
addressed several MIMO challenges especially in the massive
overloaded system along with the standard implementations
[8]-[11]. However, there are some issues related to MIMO
systems such as performance and complexity, especially in
the overloaded scenario, i.e., N; > N;.

Generally, two techniques are used in MIMO detection:
Linear detection and Non-linear detection. Zero forcing (ZF)
and Minimum Mean Square Error (MMSE) comes under the
category of linear detection techniques. In [12] efficiency
improvement method for the implementation of ZF and
MMSE has been discussed in MIMO but their performance
severely degrades in overloaded systems. On the other hand,
non-linear MIMO detection relies on Maximum likelihood
detection ML. ZF and MMSE performance degrade much in
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an overloaded MIMO system [13] while ML is an optimal
detection scheme that performs well [14]. However, dur-
ing its implementation, increasing the users results in more
computational power for data processing. Moreover, in an
overloaded MIMO system, Multi-Users Detection (MUD) is
yet another challenging task that requires a trade-off between
performance and complexity. Furthermore, the existence of
Co-channel interference (CCI) due to the presence of multi-
users greatly debase the performance of MUD algorithms
especially in overloaded scenarios [15]. To cater to such
issues, especially in overloaded conditions, several other sub-
optimal detection techniques [14], [16]-[18] have been pro-
posed. Unfortunately, a large size MIMO system deployed
with hundreds of antennas contributes to increased complex-
ity exponentially. Hence, they are not viable for deployment
in real-time scenarios.

To increase the reliability of communication and reduce
the computational complexity, various Hybrid Automatic
Repeat Request (HARQ) schemes have been used in numer-
ous wireless standards such as LTE. Different versions of
HARQ schemes are available such as HARQ chase combin-
ing (HARQ CC) and HARQ incremental redundancy (HARQ
IR). With HARQ CC [19], the same versions of packets are
transmitted during retransmission and at the receiving end;
the receiver then combines all the packets. In HARQ IR
scheme [20], for each retransmission, the transmitter incre-
mentally sends only redundant bits for successful decoding.
This increases reliability as incremental bits are transmitted
only on a requirement basis. Moreover, most of the time
few bits in a packet are found to be erroneous, hence, sim-
ply retransmitting the redundant bits results in bandwidth
efficiency. Further to improve the bandwidth efficiency of
the MIMO channel, Shared ARQ transmission (SHARQ) is
used. Here, failed data packets are combined with new data
packets during retransmission using MIMO diversity. Simi-
larly, Zahid et al. [21] have considered an overloaded MIMO
system (N;> N,) and have used two different schemes to
convert this system to either critically loaded (N; = N;) or
to underloaded (N; < N,) MIMO systems by combining all
retransmitted packets using HARQ CC [19].

Zahid et al. [21] have used the concept of HARQ CC
on received stacked vector and considered it as a virtual
receiver antenna [22]. In this paper, a different approach has
been proposed by implementing SHARQ IR in an overloaded
MIMO system and extended this concept to fully utilize the
channel resources. Here, the fail data packet is combined
with a new data packet and shares the same MIMO diver-
sity channel over the physical layer. This gives an added
advantage of achieving better BER and throughput com-
pared to the already implemented scheme using HARQ CC
(as underlined by the simulation). Secondly, the proposed
approach has an added advantage of improved performance in
poor channel conditions, where in addition to redundant bits’
retransmission, new data packets are transmitted as well; that
makes it a strong candidate for LTE and 5G communication
standards.
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This proposed approach is an extension of our approach
proposed in [23]. In [23], correctly decodable users remain
idle during the next retransmission. However, to further
improve wireless channel utility and improve BER and
throughput, SHARQ IR is implemented by retransmitting the
redundant bits along with the transmission of new bits for
correctly decodable users. The proposed scheme is compared
with conventional HARQ using simulation and 20% improve-
ment in throughput is observed with reduced BER.

The rest of the paper is structured as follows. In Section II,
an allied study that is carried out in the field of MIMO has
been reviewed, followed by the system model in Section III.
Section IV furnishes the proposed technique and Section V
presents the simulation results by considering various param-
eters for BER and throughput analyses. Section VI concludes
the work while highlighting potential research directions.

II. RELATED STUDY

The foremost algorithms proposed for the detection of multi-
users in MIMO systems have been the Diagonal Bell lab-
oratories layered space-time (D-BLAST) and V-BLAST
but D-BLAST algorithm is more intricate as compared to
V-BLAST. V-BLAST provides optimum performance for
multiple users but during detection, it leads to performance
degradation by not considering the channel estimation error.
Secondly, V-BLAST algorithm [24], due to its singularity
nature [16], fails in an overloaded MIMO system and results
in more errors during the detection process. Numerous opti-
mum and sub-optimum techniques have also been proposed
for MIMO detection. The optimal techniques like ZF and
MMSE, due to their low complexity and simplicity for imple-
mentation, make them strong candidates for MIMO detec-
tion. However, the performance of these schemes degrades
drastically in overloaded MIMO systems [13]. Furthermore,
the implementation of such schemes in overloaded MIMO
systems results in more computational complexity ultimately
resulting in increased errors at high Signal to Noise Ratio
(SNR). The ultimate focus of this paper is to transform an
overloaded MIMO system to a critically loaded or under
loaded MIMO system through simple retransmission and
used a novel scheme Share Hybrid ARQ schemes in con-
junction with MIMO system to enhance the throughput and
spectral efficiency.

Hybrid ARQ transmission schemes are proposed in MIMO
systems for enhancement in throughput [25]. This approach
uses the Forward-Error Correction (FEC) technique [26] for
error detection and correction. It is observed that HARQ
IR protocol is more active for error correction compared
to simple HARQ, and chase combining HARQ CC [19].
In [27], a linear precoder has been considered and joint
HARQ detection has been carried out by combining all the
stacked received vectors. However, only critically loaded
conditions have been used in [27].

Although MIMO systems offer high spectral efficiency
and diversity gain, they are more immune to channel noise
and interference. While encountering channel distortion and
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FIGURE 1. SHARQ IR MIMO architecture.

fading, MIMO transmission often leads to packet loss. More-
over, most of the techniques focus on the retransmission keep-
ing in view to fully utilizing the MIMO channel. However,
only a few bits may be erroneous in the whole packet. Hence,
it is not efficient to reuse the entire MIMO channel for the
same packet retransmission. It is therefore of great motiva-
tion to investigate how to fully utilize channel efficiency by
employing SHARQ IR in an overloaded MIMO system.

Ill. SYSTEM MODEL

We have considered ‘U’ users for an overloaded MIMO
communication system, ‘N;’ as transmit antennas and ‘N,’
receive antennas. The correlation between the transmitted
signal and receive signal vector for ‘N’ transmission is given
by:

yi=Hi+x+n, ey

wherei=1,2,......

Here, y; is the N, x 1 received signal vector, H; is the
N, x N; channel matrix and n; is the N, x 1 AWGN noise at
time i respectively. The wireless channel unveils quasi-static,
frequency-flat Rayleigh fading. The architecture of SHARQ
IR employed in this paper is shown in Fig. 1.

The system model uses some information ‘K’ bits, which
comprises of the data bits and CRC bits for error detection.
Low-Density Parity Check (LDPC) encodes the data bits at
the rate of R, = K/N. The rate at which the transmitted
bits are encoded is referred to as mother code and generate
a code packet. This is further classified into systematic S
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and parity P blocks. There are classified kernel blocks in the
systematic and parity blocks, which have changed priorities
to each other. The kernel blocks are classified in relation to the
order in which the data bits are transmitted. There is a block-
wise generation for systematic bits and parity bits. Encoded
packet C is described as follow:

C = {S7P} = {s03s11s27 L) »sk;p(]»plvas . 'pz}s (2)

where s, 51, 52, . ..Sx are systematic bits of k™ order and
D0, P1: P2, - - . p- are parity bits of z order.

Parity bit blocks are included in k™ kernel block set Wk,
(k=1,2...5) are given as follows:

1st kernel blocks = W1 = {P Bl}; P Bl is the parity bits
in Block 1

2nd kernel blocks = W2 = {P B2}; P B2 is the parity bits
in Block 2

3rd kernel blocks = W3 = {P B3}; P B3 is the parity bits
in Block 3

4th kernel blocks: = W4 = {P B4}; P B4 is the parity bits
in Block 4

5th kernel blocks: = W5 = {P BS5}; P B5 is the parity bits
in Block 5

There is a shuffling of parity bits in each block. If the
receiver detects that a packet contains an error, a negative
ACK will be sent to the transmitter requesting for the 1%
kernel block. If the packet is still in error, the second neg-
ative ACK will be sent to the sender asking for sending
of 2" kernel block and this procedure will be endured till
the retransmission of the last 5™ kernel block. After the
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last kernel block, i.e., 51 kernel block, the packet is now
considered as a dropped packet.

The shuffled coded bits and parity bits are then forwarded
to the inter-leaver to generate a sub-packet. Here, both the
shuffled coded bits and priority bits are concatenated to form
coded bits. The coded bits are then modulated by QAM
modulation. The wireless channel after adding noise or inter-
ference will forward it to the receiver. The receiver employs
two different schemes for detection purposes. One is Joint
Maximum Likelihood (JML) and the second one is Subop-
timal MMSE detection.

Joint Maximum Likelihood detection is a technique used
in the MIMO system to minimize the probability of error at
the receiver end and is given by:

N[ (Pl =11y HY)
L (Cp) = log <m> ) 3

whereu =1,2,3,....... U,
S rexy &b (= 21y — Hxl?)
S rexp oxp (— & lly - Hx|P?)

Applying log approximation [25] to the above equation
results in:

1 ) .
L (CZ) =52 <m’”xexl§>| ly —Hx| |2—mlnxexp1| ly — Hx| |2> ,
v
(5)

However, equation (5) is difficult to implement due to its
complexity.

The MMSE linear detector has low intricacy and shows
acceptable performance. The received signal is given by:

L (c['ﬁ) = log , @)

A -1
Xumse = (HYH + 021 Hy, (©6)

where I is the identity matrix. The MMSE based detector
[24], output is given by:

(N L
(65.0) = 5 (minsexs

J.u

2
xju—x| | )

(N

2 .
Xju —x| |"— mincx! |

wherej=1,2,3....... Nf.

The resulting soft detector is passed to bit de-interleavers
and then to the channel decoders for each user. CRC mecha-
nism is considered at the receiver end for error detection. The
feedback channel is anticipated to be acting like free of errors
for sending positive ACK and negative ACK to the transmitter
in case of any packet success or failure, respectively.

IV. PROPOSED TECHNIQUE

In the proposed technique, SHARQ IR protocol has been used
in an overloaded MIMO system with LDPC encoder using
multiple retransmission techniques. Here, a user is encoded
by LDPC mother code at the transmitter end. Initially, few
encoded bits are transmitted over the channel and decoding
is attempted at the receiver end. When packet errors occur,
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negative ACK is conveyed to the transmitter through the
feedback channel. During re-transmission, there is no need
to use the entire wireless channel; only additional redundant
information bits are transmitted incrementally to correct the
erroneous bits in the erroneous data packet along with the
transmission of a new data packet. It implies that new data
and failed data packets are now combined over the MIMO
channel for the effective utilization of bandwidth.

At the receiver, after JML detection or MMSE detection,
LDPC performs the decoding of received packets. For sim-
plicity at the receiver combining side, we keep the same mod-
ulation and the same coding scheme for each re-transmission.

Using equation (1), the received signal vector at the g
(re)transmission is given by equation (8) as:

y(@ =H(@x () +v(, (8)

where g is the retransmission counter and ranges from
1,2,...G and G the total retransmission number.

Similarly, the combined received vectors [27] after G
(re)transmissions can be written as:

¥ (D) H(D) w(l)
) HQ) v2)
¥(G) H(G) ¥(G)

The pseudo-code of the proposed procedure is given in
algorithm 1 and is explained as follows:

At time ¢t = 1, all users will transmit their data. Here, after
checking CRC in the first transmission, all those columns in
H matrix representing the correctly decoded users are set to
zeros. The received signal using the modified H matrix is
given by:

5(1) =H (1) x (1) + (D). (10)

Secondly, the interval parity bits of erroneous users are
retransmitted along with a new message. It means that they
contain both new and retransmitted information. At the
receiver end, both the signal vectors are stacked, as shown

by equation (11):
_ |y
r= |:y(2)] (11)

This process continues until the correction of all data bits or
the maximum number of G (retransmission) is received. The
packet is treated as lost if decoding fails and the maximum G
is reached.

V. SIMULATION RESULTS

Simulation results are evaluated by considering 2 and
4 uplinks in the MIMO architecture. It means that to prop-
erly evaluate the performance of our simulations, we have
considered two scenarios with 2 and 4 transmitters respec-
tively. Performance evaluation has been carried out with
different receiver combinations. The packet is considered to
contain 576 bits encoded at a rate of 1/2 LDPC code using
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Algorithm 1 SHARQ IR
1. Initialize: g =1, ¥=0and € =0
g = no of iterations of retransmission, ¥ = set of users
whose data packets are decoded correctly and
€ = set of users whose data packets are decoded
with error
2. Generate H submatrix and perform detection on
matrix received y (1).
Calculation of CRC for each data packet
4. Update g, ¥, € and ¥ where W is a set of parity
bits in kernel block
5. Repeat the process till last kernel block, i.e., ¥5
is transmitted
6. Each user belonging to set € will retransmit its packet
whereas those users belonging to set ¥ will
transmit a new data packet in the next time interval
7. If € # 0 then update g = g + 1 and transmit the
first kernel block W1
8. Received signal matrix y are then stacked with the
previously received matrices
9. Perform MUD on the resulting matrix to obtain LLR
and calculate CRC for each decoded packet
10. Update ¥ and €
11. If g = G and ¥ # ¢ then consider that packet as
a dropped packet
12. All users will transmit a new packet

»

16-QAM modulations. G is 4, i.e., the maximum number of
retransmission after which packet is considered as dropped
packet. The performance of SHARQ IR is evaluated in com-
parison with simple HARQ CC using BER and throughput
as performance parameters using JML and MMSE detection
techniques.

—8— N2, G=1
. —8—Nr=1, G=1
¢ Nr=2, G=2
A —&— Nr=1, G=2, Simple HARQ CC
o = & =Nr=1, G=2, SHARQ IR
&
[TH}
L 192
@
©
4
5 n
g 10?
=
1074 h
5 0 5 10 15 20

Eb/No(dB)

FIGURE 2. BER comparison of SHARQ IR and HARQ CC using JML
detection with Ny = 2.

As shown in Fig. 2 and 3, a simple critically loaded MIMO
system 2 x 2 (Ny = 2, N; = 2) and 2 x 1 overloaded MIMO
system (N = 2, N; = 1) MIMO system with optimal JML
detection and MMSE detection is evaluated in terms of BER
and SNR (Eb/No(dB).
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FIGURE 3. BER comparison of SHARQ IR and HARQ CC using MMSE
detection with Ny = 2.

As shown in Fig. 2, the critically loaded system (2 x 2) with
G = 1, performs better than overloaded system (2 x 1) with
same number of retransmission, i.e., G = 1. This improved
performance is due to the fact that in-spite of same number
of retransmission, the critically loaded system has the higher
diversity order as compared to overloaded system. Moreover,
as the number of retransmission increases with G = 2,
BER improves with an increase in Eb/No (dB). Similarly,
significant improvement in the performance is observed when
compared SHARQ IR with that of simple HARQ CC. This
performance is evaluated by considering 2 x 1 overloaded
MIMO system with the same number of retransmission,
G = 2. Similarly, by deploying MMSE detection as shown
in Fig. 3, SHARQ IR performs better in contrast to HARQ
CC for the same configuration. SHARQ IR outperforms
because bits are retransmitted incrementally along with the
transmission of new data until the packet is decoded correctly
by the receiver.

102
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o
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g 10
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g ||=P=—Nr=1, G=4, Simple HARQ CC
107 = P = Nr=1, G=4, SHARQ IR
=8 Nr=3, G=1, Simple HARQ CC
;= B =Nr=3, G=1, SHARQ R

-5 0 5 10 15
Eb/No(dB)

FIGURE 4. BER comparison of SHARQ IR and HARQ CC using JML
detection with N; = 4.

Moreover in Fig. 4, the BER vs SNR (Eb/No (dB))
performance for an overloaded MIMO system (N; = 4,
i.e., four transmitters) and multiple combinations of receivers
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using JML detection is shown. The result clearly shows that
SHARQ IR outperforms HARQ CC when G, i.e., the number
of retransmission increases. BER for the SHARQ IR is still
better even when new bits are retransmitting in the next time
slot. For example, at G = 2 and SNR of 10 dB, BER
of SHARQ IR is 0.01 whereas BER of simple HARQ CC
is 0.015, which means BER of SHARQ IR is better than
simple HARQ CC by a factor of 0.005 using JML detection.
Similarly, further increasing the number of retransmission,
i.e., at G = 4 and SNR of 10 dB, SHARQ IR results in BER
of 1.25 whereas simple HARQ CC results in 1.99, i.e., further
improvement by a factor of 0.74 is observed. Here, it is
important to reiterate that cumulating G means increasing
sending the new packets with the erroneous data. Similarly,
by comparing it with different combinations of receivers,
ie.,, N, = 3 with G = 1 using the SHARQ IR technique,
it performs better than N, = 1 using G = 2. As the product
of N, x G for 3 x 1 MIMO system using G = 1 provides
higher diversity as compared to N, = 1 with G = 2 using
the same number of transmitters which is equal to 4. Also by
comparing 4 x 3 MIMO system using G = 1 with 4 x 1
system that uses G = 4, the factor of N, x G is better than
4 x 3 system due to which substantial performance gain is
observed as shown in Fig. 3.

102

—t— Nr=3, G=1
1074 b= * =Nr=2, G=1
Nr=1, G=2, Simple HARQ CC
Nr=1, G=2, SHARQ IR ~
105 Nr=1, G=3, Simple HARQ GG P
Nr=1, G=3, SHARQ IR
=P =1, G=4, Simple HARQ CC
10°8 F|= P =Nr=1, G=4, SHARQ IR
= B =Nr=3, G=1, SHARQ IR
== Nr=3, G=1, Simple HARQ CC

Bit Error Rate (BER)

-5 0 5 10 15
Eb/No(dB)

FIGURE 5. BER comparison of SHARQ IR and HARQ CC using MMSE
detection with N = 4.

In Fig. 5, SHARQ IR is evaluated and BER vs SNR
(Eb/No (dB)) performance for an overloaded MIMO system
(N; = 4), i.e., four transmitters and a different arrangement
of receivers using MMSE detection are presented. In this
scenario, SHARQ IR performs better than simple HARQ CC
for each transmission. As illustrated at SNR of 10 dB and
G = 2, BER of SHARQ IR is 0.010 while that for simple
HARQ CC BER is 0.015. It is important to highlight that
in this overloaded MIMO system, the proposed scheme’s
performance increases with the increase of G, i.e., the number
of retransmission. This is because the scheme allows
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transforming the overloaded system to either critically loaded
or under loaded MIMO system using a sufficient number
of retransmissions. However, throughput gain is affected by
increasing the number of retransmissions. Similarly, a higher
value of G means more number of retransmissions and more
cancellation of correctly decoded packets. This results in
increasing SINR and permitting to apply MMSE during over-
loaded conditions. Also by evaluating the different combi-
nations of receivers, e.g., 4 x 1 overloaded MIMO system
with G = 4 performs better than 4 x 3 with G = 1 system
as an increase in the number of G means more cancellation
of correctly decoded users and increase in the number of the
retransmitted packet with the erroneous data.

The vital role of this paper is to improve throughput under
the channel condition when it is noisy. It is given by equa-
tion (12) as:

5 — logy wR(1 — Prae)
N, avg

where Ny is the maximum number of retransmission, Py
is drop packet rate and R is the code rate.

In the simulation, it is evaluated that SHARQ IR through-
put is high as compared to simple HARQ CC, as shown
in Fig. 6 and Fig. 7.

B/s/Hz, (12)

1
=8 Nr=2, G=2, Simple JML HARQ CC

= @ = Nr=2, G=2, Simple MMSE HARQ CC
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0.9

=
-]

=
~

=
(=2

=
.

Throughput spectral efficiency
= =
L o5 o

=
ma

0.1 L

Eb/No(dB)

FIGURE 6. Throughput comparison of SHARQ IR and HARQ CC when
Nr=2and G=2.

Fig. 6 shows the throughput comparison of SHARQ IR
with simple HARQ CC when G = 2 and N, = 2. As shown,
SHARQ IR throughput is enhanced in comparison to simple
HARQ CC. For example, at SNR of 10 dB, the throughput of
SHARQ IR is 0.92 whereas throughput of simple HARQ CC
is 0.85 using JML detection. Similarly, for MMSE detection,
at SNR of 10 dB, the throughput of 0.78 is achieved for
SHARQ IR as compared to the throughput of simple HARQ
CC, which is 0.62.

Throughput is also evaluated for G = 4 and N, = 1
as shown in Fig. 7. As illustrated, during JML detection at
SNR of 10 dB, the throughput of SHARQ IR is 0.68 whereas
throughput of simple HARQ CC is 0.48. Moreover, for
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FIGURE 7. Throughput comparison of SHARQ IR and HARQ CC when
Ne =1 and G = 4.

MMSE at SNR of 10 dB, the throughput of 0.64 is achieved
for SHARQ IR as compared to simple HARQ CC, which
is 0.44. It means an increase of 20% in throughput is
achieved when we increase the number of retransmissions.
This enhanced performance of SHARQ IR than contempo-
rary to simple HARQ CC is due to its capability to adapt
itself to error correction under the varying channel conditions.
SHARQ IR is sending the parity bits incrementally along with
the new data bits during each (re)transmission.

VI. CONCLUSION
In this paper, a scheme named as SHARQ IR is proposed that
utilises piggyback technique in overloaded MIMO systems
using the concept of simple retransmission method and multi-
users detection to transform an overloaded MIMO system
into critically loaded or under loaded MIMO system.

Improved results both in terms of BER and throughput are
achieved with the proposed scheme without adding complex-
ity to the overall system. Moreover, this approach conserves
bandwidth by combining both data and parity bits along the
wireless channel which envisaged to support energy-efficient
transmissions for green [oT applications.

A thorough analysis to understand the pros and cons of the
proposed scheme and its implementation in the IoT model is
a part of our ongoing research.
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