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This work presents the concerns of reliable, comprehensive, and high-quality communication networks essential in
wireless communications for Industry 4.0. These are considered critical requirements of wireless technology for Industry
4.0. For a reliable transmission of digital data over broadband widths and Giga Hertz channels, the corresponding Peak-to-
Average-Power Ratio (PAPR) must be under control. Industry standards Multiple-Input Multiple-Output Orthogonal
Frequency Division Multiplexing With Offset Quadrature Amplitude Modulation (MIMO-OFDM/OQAM) system has been
considered as the modulation technique with less Computational Complexity (CC). It usually produces phase sequence sets
with different PAPR, a complex phenomenon to control. For robustness in PAPR control, the technique proposed has a
receiver that initially restores the frequency domain rotation signal according to the sequence selection of the transmitter.
Then it compares the distance between the reverse rotation sequence and the nearest constellation point to restore the
original sequence. The proposed method simulation results can efficiently suppress the PAPR of MIMO-OFDM/OQAM
signals. The proposed method is compared with the traditional Selective Mapping (SLM) algorithm. The proposed method
reduces the CC, and can obtain the approximate Bit-Error Rate (BER) performance of the conventional SLM method when

the sideband side information is known.
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Introduction

Unlike the first generation of the industrial
revolution, Industry 4.0 refers to the convergence of
several technologies, including sensing,
communication, and big data processing. These are
often termed the building blocks of Industry
4.0. Wireless communication has significantly been
the functional part of handling large volumes of data
during the digital manufacturing phase. This includes
tracking the inventory of raw material through
the manufacturing stages, digitalized warehouse
management with high speed inter networking,
distributing the data securely over long distances in
less time, etc. In many cases, reliability is achieved
through the quality of data transmission using
complex modulation techniques for high security.
Multiple in Multiple out systems are employed as the
data must be disseminated to multiple nodes and vice
versa. Several multiplexing-based modulation
techniques are prominent for their efficiency in
handling large data transmission volumes with
quality. In this paper, advanced modulation
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techniques based on Orthogonal Frequency Division
Multiplexing (OFDM) have improved their efficiency
through suppression of Peak-to-Average Power Ratio
(PAPR) issues.

Multiple-Input  Multiple-Output OFDM  with
Offset-Quadrature Amplitude Modulation (MIMO-
OFDM/OQAM) system uses frequency, time, and
different antennas to obtain diversity gain, which
can effectively resist multipath fading in wireless
communications. Like ~OFDM/OQAM  signals,
MIMO-OFDM/OQAM is also a multi-carrier
modulation signal. When the sub-carrier signals have
the same phase or a slight difference, then the time-
domain signals with larger amplitudes will be
generated, resulting in PAPR. The transmitter of a
communication system needs a wide linear range to
transmit signals with a large PAPR. Transmitting
signals beyond the linear range will produce non-
linear  distortion, resulting in decreased
communication quality. It is essential to suppress
PAPR of the MIMO-OFDM/OQAM  signals.
Commonly used methods to suppress PAPR include
signal pre-distortion, coding, and selective mapping,
partial transmission sequence.” Selective Mapping
(SLM) and Partial Transmit Sequence (PTS) are the
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most studied and effective methods.”* The core idea
of the traditional SLM algorithm (T-SLM) is to
multiply the frequency domain signal by different
phase rotation factors and then separately modulate it
by the Inverse Fast Fourier Transform (IFFT) to
obtain multiple time domain signals with different
PAPRs, and then select the sequence with the smallest
PAPR for transmission.

The joint Space-Frequency Blocks Coding (SFBC)
and interleaved partitioning to reduce the number of
IFFT operations, and generate more phase sequences
through the exchange of block and parity parts.’
Although this method can significantly reduce PAPR
of the system, the parity transform brings additional
sideband information. Literature proposed using
SFBC coding and IFFT properties to reduce the CC
through signal parity operations and cyclic shifts.®
Literature proposed some improved low-complexity
SLM algorithms.”® The main idea is to divide the
MIMO-OFDM/OQAM signal into multiple sub-
blocks in the frequency domain to reduce the number
of IFFT operations. As per the literature, each antenna
separately uses different phase rotations to obtain
multiple sequences, then perform IFFT modulation to
obtain multiple time-domain signals, and then
combines the time-domain signals in pairs to obtain
more phase sequences.” The proposed based on time-
domain cyclic shift Methods such as the exchange
between antenna sub-blocks and other methods
to generate multiple different PAPR phase
sequences.'™'" Although this method can effectively
reduce the PAPR of system, the receiver needs to
know which sub-blocks are exchanged at the
transmitter to recover the original signal.

The Cyclic Shift SLM (CS-SLM) method is
proposed in this work and is based on the signals
time-domain cyclic shift and signal combination. The
original signal is processed after the IFFT operation.
To generate more phase sequences, only the cycle of
signal is required. Shift, add and subtract signals
between antennas. Taking 2 transmitting antennas as
an example, the original frequency domain signal is
subjected to IFFT modulation to obtain the time
domain signal and then subjected to cyclic shifts of
different lengths. The cyclic shift signals of different
antennas are added and subtracted to obtain 2 new
sequences, the cyclic shift sequence and the new
sequence obtained by addition and subtraction forms a
set of phase signals, in which any two sequences
contain all the information of original signal, and the
two sequences with the best PAPR performance can

be selected for transmission. Therefore, in the method
proposed in this paper, the transmitter only needs one
IFFT operation and a small number of complex
addition operations to obtain multiple sequence sets
with different PAPRs, which reduces the CC; the
receiver compares the reverse rotation sequence with
its nearest signal constellation to restore the original
signal by the distance of point, only the selection of
signal in the phase set needs to be transmitted, and the
sideband information is certain, and semi-blind
detection is realized.

Methods and Techniques

If the number of transmit antennas in the MIMO-
OFDM/OQAM system is N, the i-th transmit antenna
frequency domain signal X; = [Xo,irXLi' ---'XN—l,i]'
The OFDM/OQAM system transmitted symbols are
real-valued with time period of T. The complex
OQAM signal {X; = ay; + jayi41}tmen is divided into
real symbol vectors {a;};cy. In real values of OQAM
symbols are staggering by g duration of complex

symbols Xj ;. Then, the obtained real symbols are
undergone polyphase filtering of a prototype filter
namely PHYDYAS filter.

x;(n) = .
2mkn
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YmeN Ziﬁol Armd (n - m;) e]( T

+¢k,m) )
Xi(k)

. (D

where, g(t) is the prototype filter function with

L= 4T length and ¢y == (k +m) —wkm. The
discrete-time OFDM/OQAM symbols are given by

3= (imI?)

PAPR(x;) = 10 lg lg (E[m (n)|21) ()
where, |x;(n)|?is the instantaneous power of
signal, max[-] represents the peak power of

signal, E[-] represents the average power of signal,
and the PAPR of MIMO-OFDM/OQAM system is
defined as

PAPR(x) = {PAPR(xy), ..., PAPR(xy,)} .03

Complementary cumulative distribution functions
(CCDF) are generally used to indicate the probability
that PAPR exceeds a threshold of PAPR,
CCDF(PAPR(x)) = B.(PAPR(x) > PAPRy) ... (4)

T-SLM Algorithm
Assume that the phase factor of T-SLM algorithm
P = [P;1, P;y, ..., Pig] is multiplied by the k-th phase
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factor P;, to obtain different phase sequences, where
the phase factor P, = [pix(0), pir (1), ..., pir (N — 1)].

Xix = ZNZ3 pu ()X (n) = PyX; .. (5)

where, X, represents the signal that the original
signal X; multiplied by the phase factorP;,. Xj, is
modulated by IFFT to obtain an alternative time
domain signal

X = IFFT[Xy] ... (6)

From the Fig. 1, it can be seen that when the T-SLM
algorithm has K different phase factors P for each
antenna, K different alternative sequences can be
obtained. Calculate the PAPR of each phase sequence
according to Eq. (2), denoted as PAPR|[x;;], and then
select the smallest one among the PAPR of K phase
sequences as the PAPR of antenna, denoted as
PAPR|[x;]

PAPR(x;) = {PAPR[x;1], ..., PAPR[x;x 1} (D

Choose a maximum of PAPR in all antennas as the
PAPR of system

PAPR(x) = {PAPR(x,), ..., PAPR(xy,)} . (8)

In summary, in the T-SLM algorithm, each
transmit antenna selects the sequence with the
smallest PAPR from multiple phase sequences for
transmission, so that the PAPR of MIMO-
OFDM/OQAM system is suppressed. When the
number of phase sequences is larger, the PAPR of
MIMO-OFDM/OQAM system is more likely to be
reduced, but each phase sequence needs IFFT
modulation to obtain, the calculation complexity is
higher, and the phase factor P is generally used as
sideband sub-information transmission. When there
are many sequences, more sideband information
needs to be transmitted. The bit energy of sideband
side information must be significantly higher than the

B,
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Fig. 1 — Traditional-SLM algorithm at transmitter

signal energy to ensure its correct reception, reducing
the system's frequency band utilization.

CS-SLM Algorithm

The basic idea of the CS-SLM algorithm proposed
in this paper is at the transmitter, the original
frequency domain signal of each antenna is directly
passed through the IFFT module to obtain the time
domain sequence, and the time domain sequence
undergoes cyclic shift operations of different
lengths before performing the inter-antenna signal
conversion. Addition and subtraction operations, the
sequence after each cyclic shift and the sequence
obtained by addition and subtraction form a sequence
set, each set selects 2 sequences with the best PAPR
performance, and finally selects the best PAPR from
all sets. The two sequences are transmission
sequences; the received signal is restored to obtain the
corresponding sequence at the receiver, according to
the sequence specified in the transmitter set. Since the
transmission signal undergoes a time-domain cyclic
shift at the transmitter, the receiver should perform
the corresponding frequency domain phase rotation
on the signal, and calculate the distance from all
frequency points of each rotating signal to the nearest
signal constellation diagram, and select a minimum.
The sequence corresponding to the distance is used as
the original sequence, so as to realize the semi-blind
detection of received signal.

A) CS-SLM Algorithm Transmitter

The MIMO-OFDM/OQAM signal X; on the i"
antenna is modulated by IFFT to obtain the time
domain signal x;, and the signal x; is operated as
follows

x(k) = a, () T, ax; .. (9)

where, x(k) represents the new sequence obtained by
the multi-antenna signal processing algorithm, the
value of parameter a is [0, +1], and ay (i) represents
the power normalization factor. When N, = 2, for a
system with limited total power a; (i) =./1/8, this
ensures that the total power of transmitted signal is
consistent with the total power of original signal for a
long period of time, while the power of a single
antenna is limited, for the system, you need to choose
a suitable a;(i).'> At this time, the algorithm in this
paper can still be applied, but a; (i) is no longer a
constant, which is also the difficulty of a single power
limited system. For a system with limited total power,
a set of sequences can be obtained through Eq. (9),
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Fig. 2 — CS-SLM Algorithm

such as set S(1), as shown in Fig. 2, without loss of
generality. In the block diagram, Circle shift(1)
usually chooses cyclic shift the length is 0 (i.e., the
original signal).

1 1
S = [%ﬁ(ﬁ +x2)x2ﬁ(x1 —xz)] ... (10)
The four sequences of S(1) obviously have

different PAPRs. It is worth noting that this article
discards some other possible sequences in Eq. (9),
1 1
such as [x1 WA (x1 + x3)x, W (x1 — xz)], etc.,
These sequences have the same PAPR as the four
sequences given above. The four sequences in S(1)
can be combined in pairs to obtain CZ = 8 groups of
different combinations. The PAPR offset 8
combinations are calculated respectively, and the
group with the smallest PAPR is selected as the phase
transmission sequence for this set. Its PAPR is
marked as PAPR[S(1)], and this selection is regarded
as sideband information SI. The new sequence
obtained by adding and subtracting the original
sequence x; and x, in a particular transmission has a

smaller peak value.”® Therefore, selecting a new
sequence can effectively reduce the PAPR of system,
and its specific PAPR performance and analysis will
be given in the simulation section.

In order to obtain more phase sequence sets with
different PAPRs, the antenna signal x; is subjected to
more cyclic shifts of different lengths.'* For the first
antenna, assuming that the length of a certain cyclic
shift is u4,, the shifted signal is expressed as

x1(uy;) = circshift(xy, [0,u;,])

.11

Shift the signal x;(u;,) and the signal x, using
Eqg. (9) to get another set of alternative sequences

S@) = [ (w2) 575 G (ur) + XD 575 (21 (1) — 12) |
... (12)
Since the circular shift of time domain signal does

not change the PAPR of signal, the first sequence
combination in S(2) has the same PAPR as the

sequence combination in [x;(uqy) % (1 (uq2) +

x,)] with S(1) and the sequence combination in
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[M%OQ + xz)], so the sequence group in S(2) is
only C} = 7 different from S(1).”” With S(1), you
can get two alternate sequences with the minimum
PAPR for S(2) and the smallest PAPR for this set,
which is recorded as PAPR S(2).'° Suppose that the
circular shift length vector for the i root antenna
signal is U; = [uyq, Uip, -, Ujy], Where M is the
number of circular shifts, passing Eq. (11) and pass-
through Eq. (12), and a total of M? alternative
sequence collections can be obtained, and the
alternative collection is shown in Table 1.7

Calculate the minimum PAPR offset M? sets of
sets, and select the smallest one as the optimal PAPR
of algorithm

PAPR(S) = {PAPR[S(1)], ..., PAPR[S(M?®)]}
.. (13)

Select the two sequences with the best PAPR
performance for STBC transmission in the set where
the minimum PAPR is located, denoted as [x7,x;],
and reference gives the coding matrix."®

G = [oxg— () g (x3)"]
where, ()Y represents the complex conjugate
operation, the first OFDM/OQAM symbol period

antennas one and two respectively send [x}, —(x3)"],
the second OFDM/OQAM symbol period to send
[(x3)"x1]."

The above is the PAPR suppression processing
when N; = 2 in the MIMO-OFDM/OQAM system.
When N; =3, from Eq. (9) different sequences,

... (1)

such as [xle % (Xl + X + xg)xg % (x1 + Xy +

X3 + X4) ] set, the signal of each antenna

undergoes cyclic shifts of different lengths to obtain
more phase sequence sets.

Table 1— Phase Sequence Set

PHASE SEQUENCE SET
S(1) 1 1
X1 PG (x1 + xz)xz\/; (x1%2)
S(2) 1 1
x1(ug1) m (o1 (ug1) + xz)xz\/; (o1 (u11) — %)
S(M?)

1
xq (Ugp) ﬁ (xl (uiy)

1
+ X2 (uZM))xZ (uam) 3 (x1 (u11)

- xz(HZM))

For the MIMO-OFDM/OQAM system with
N; = 4, it can be grouped, and the CS-SLM method
with 2 or 3 antennas is used to reduce the PAPR of
entire MIMO-OFDM/OQAM system by reducing the
PAPR of antenna group. However, this expansion not
all antennas are considered together. Still, the CS-
SLM method proposed in this paper uses time-domain
cyclic shift of signal and inter-antenna signal
processing to generate more phase sequence sets, so
each antenna group can get a good PAPR
Performance, so that the PAPR of entire system can
also be very suppressed.*’

B) CS-SLM Algorithm at Receiver
It can be seen from Table 1 that the transmission
signal is the best sequence of 2 PAPRs selected from
a certain set S(m).*"*> Suppose a certain transmission
sequence is the second sequence combination in S(1)
* * 1
[xix3] = [%ﬁ(xl + xz)] .. (15)
The relationship between the transmitted signal and
the original signal is

[x1x3] = [x1x,]R(2) ... (16)

where, h(2) = [10\/%\/%], The signal [x7x5] only

needs to be multiplied by [h(2)]™! to get the signal
[x1,%,]. Analyzed by Eq. (10), except forS(1),
which has 6 combinations, other S(m) has only 7
combinations.” Therefore, S(1):[h(])1<1<8],
otherS(m): [h(D1 <1< 7].

After the signal [x],x3] passes through the
channel, the received signal first passes the FFT
modulation module to obtain the frequency domain
signal [Ry, R;], and the form of received signal can be
expressed as

Ry = Hy1X{ + H12X5 + NyRy = Hyy (—X)P +
Hyp (XDH + N, .7

where, [X7X;] represents the frequency domain form
of transmission signal [x1x3], H;;(i,j 1,2) expresses
the transmission channel gain, N;(i 1,2) which
represents channel noise.”* For signals with adjacent
OFDM/OQAM  symbol periods, there are
generally: Hy; = Hyy = Hy,Hy3, Hy, = H,, and the
signal with original information [Y;, Y] can be solved
by Eq. (17).

Analyzed by Eq. (15) and Eq. (16), the resolved
signal [Y;Y,] must be multiplied by the combination
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of a transmitter antenna phase signal set [A(1)]™! to
get the corresponding emission Signal form

(X1 X;] = [ Vo]h(D71 ... (18)

where, [X7, X;] represents the signal after the original
frequency domain signal [X;,X,] undergoes phase
rotation. The specific steps of signal [X7,X;]
detection at the receiver are shown in Fig. 3, where,
SI represents the sideband information of transmitter
[R(D]~*.

In order to recover the original signal, it is
necessary to know which cyclic shift factor u;, was
used. Generally, u;;, and h(l) can be used together as
sideband sub-information transmission, and the
receiver can directly transmit the signal [X7,X;]
Perform reverse rotation to get the original signal.
Blind detection method is proposed in this work to get
the shift factor u;,.>> By the nature of FFT: the time
domain cyclic shift of signal corresponds to the
frequency domain phase rotation. As shown in Fig. 3,
the frequency domain signal X; is multiplied by
different reverse rotation factors.

Xi,k (n) = Xi* (n)ejZnuik(n—l)/LN

... (19)

where, X}, (n) represents the i" antenna signal
X;(n) when the shift factor u; (u;, € U;) rotates in
the opposite direction, the signal value at the n'"
frequency point is obtained.”® Through the reverse
phase rotation of frequency domain signal, M kinds of
reverse rotation sequences can be obtained, in which
there must be a reverse rotation sequence, and all of
its frequency points have been rotated to the

IFFT ——>

Sl

n
— IFFT >

constellation point of modulation signal.”” Due to the
presence of noise, the inversion sequence may deviate
from the original constellation point, but the sum of
distances of all its frequency points from the nearest
constellation point should be the smallest in
probability. Therefore, first, determine each frequency
point X;, (n) of anti-rotation sequence as the nearest
constellation point X?(n), then calculate the sum of
distances from all frequency points to X?(n), and
select the minimum. The u; corresponding to the
distance is used as the shift factor used by the
transmitting antenna, denoted as u;.

uj = min|X{,(n) — X¢(n)|? ... (20)

where, X?(n) € Q (Q is the signal constellation of
the selected modulation method). The reverse rotation
signal X;,(n) corresponding to the shift factor u; is
used as the restored original signal.

Complexity Analysis

Complexity Analysis at Transmitter

The number of subcarriers of OFDM/OQAM
signal is N, and the over sampling rate is L, the
number of complex multiplications and complex
additions required for one IFFT operation are
LN/2IbLN and LN Ib LN, respectively. When the
number of phase sequences is K, the T-SLM
algorithm requires K IFFT operations at LN points for
ecach antenna to obtain K time-domain phase
sequences.”® The required complex multiplication and
complex addition are KLN/2lbLN and KLN
respectively Ib LN. This paper proposes the CS-SLM

mian =X Q|
Ll
Minimum
Euclidean —
Distance
min |X{M - XQ|
min|X n—X Q|
Minimum #
Euclidean —>
Distance
min| X, - x?|

Fig. 3 — CS-SLM algorithm at receiver
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algorithm. The original frequency domain signal only
needs one IFFT operation to obtain the time domain
signal. The required complex multiplication and
complex addition are LN/21lbLN and LN IbLN
respectively.” " Cyclic shift and addition and
subtraction operations to obtain multiple phase
sequence sets, the required complex number addition
is KLN (2 antennas require 2KLN complex number
addition, the average of each antenna is KLN), the
total number of complex multiplication and complex
addition is LN /2 b LN and LN (IbLN + K).

For measuring the performance in terms of the
computational complexity reduction ratio (CCRR) is
defined as

Complexity of CS—SLM
Complexity of T-SLM

CCRR = (1 )x100 .1

The computational complexity of each antenna is
presented in Table 2 when the number of subcarriers
is N = 512, the oversampling rate is L = 4, and the
number of phase sets of T-SLM algorithm while the
CS-SLM algorithm is K.

From the Table 2, it is compared with the T-SLM
and CS-SLM algorithms. These both algorithms can
greatly reduce the CC. When the number of phase
sequences is 9 (the number of cyclic shifts M=2), the
number of complex multiplications and complex
additions required by CS-SLM is 90% and 80.8%,
respectively, compared with T-SLM algorithm. It is
worth noting that as the number of phase sequences
increases, the ability of algorithm in this paper to
reduce complexity will further increase. Therefore,
the proposed CS-SLM algorithm has a greater
advantage of reducing complexity.

Complexity Analysis at Receiver

The number of transmitting antennas is N; and the
number of phase sequences is K, the sideband side
information that the T-SLM algorithm needs to
transmit is 2lbK bits; the CS-SLM algorithm
proposed in this paper requires h(l) according to Eq.
(18) (3 bit) this sideband sub-information is used to
recover the rotation sequence. If the transmitter

Table 2 — Computational complexity of transmitter

NUMBEROF  NAME T-SLM CS-SLM CCRR

SETS

K=9(M=3)  Multiplications 92160 9210 90%
Additions 192320 36912 80.8%

K=16(M=4) Multiplications 163840 9840 93.9%
Additions 327680 51248  84.36%

transmits the shift factor u;(IbK bit) as the sideband
sub-information, the original signal can be recovered
directly through Eq. (19), but this article CS-SLM
proposes a blind detection method to restore u;, as
shown in Fig. 3.

In T-SLM algorithm, the received signal requires
an LN point FFT operation to obtain the frequency
domain signal. Then according to the received
sideband information, the frequency domain signal is
directly multiplied by the corresponding phase factor
to recover the original signal. Therefore, in the
T-SLM method, the required complex number
multiplication and complex number addition are
LN /2IbLNN and LNIbLN respectively.

In the CS-SLM algorithm proposed in this work,
the received signal also requires an LN point FFT
operation to obtain the frequency domain signal, and
then the sideband information is used to obtain the
rotation signal according to Eq. (16). If u; is known,
the original signal is obtained by multiplying the
reverse rotation factor directly according to Eq. (19).
At this time, the complexity of receiver is equivalent
to the T-SLM algorithm. If u; is unknown, it requires
M times of complex multiplication of LN points to
realize the signal Inverse phase rotation. Similarly, M
x N times of complex addition and M x N times of
complex multiplication realize the distance between
the anti-rotation sequence and the corresponding
modulation signal constellation point to recover the
shift factor. Therefore, the CS-SLM algorithm
proposed in this paper needs a total of receiver The
times of complex multiplication and complex addition
are LN/2IbLN + MN(L+1) and LNIbLN + MN,
respectively.

From the previous analysis, it can be seen that
compared to the increase in the number of phase
sequences at the transmitter as M = 2, the CC of
receiver increases linearly with M. For example,
when the number of cyclic shifts is M =3 and
M = 4, the number of phase sequence sets reaches 9
and 16, respectively. Therefore, the algorithm in
this paper can achieve dynamic selection in terms
of PAPR performance at the transmitter and receiver
complexity. ~When the receiver complexity
requirement is low, a smaller M can be selected so
that the number of minimum distance calculations is
less. At this time, the PAPR performance of
system Decrease; on the contrary, you can choose a
larger M to make the system have better PAPR
performance.
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Results and Discussion

Simulation results show that when the modulation
mode is quadrature phase shift keying (QPSK), the
number of subcarriers is 512, L=4, and the number of
simulations is 107. Here, the CS-SLM algorithm
selects different cyclic shifts. The impact and analysis
of bit factor on PAPR performance, as well as the
PAPR and bit error rate (BER) performance and
analysis of typical algorithms.

Selection and Analysis of Cyclic Shift Factors

It is observed from Eq. (10) through Eq. (12) that
when the shift factors of two antennas are the same,
some sequence combinations in the set have the same
PAPR, for example, when the cyclic shift factor of
two antennas is [0, u,], the set of 2 phase sequences is
obtained as follows

{[x1 % (xq + x2)x, % (x, _)] [X1(u12) % (x1(u12) +

%2 (12))%2 (12) 575 (%1 (t12) = %2 (1)) - (22)

According to (22), the cyclic shift of same length
of two antenna signals and the addition and
subtraction operation can be written as the addition
and subtraction of signal first and then the cyclic shift

[ u12) 575 G + 22) (1) () 55 1 = 32 (s
... (23)

Obviously, the sequence in Eq. (23) and Eq. (22)
has the same PAPR. Therefore, when the cyclic shift
lengths of two antennas are the same, some sequence
sets obtained by the combination have the same
PAPR as the original sequence sets. Choosing such a
cyclic shift factor becomes a calculation repetition.
The Fig. 4 represents the PAPR performance of same
and different U vectors.

Original

#— SameU,K=3
DifferentU, K=3

+——SameU,K=8

= DifferentU, K=8

Same U,K=15

DifferentU,K=15

CCDF(PrPAPR>PAPR ])

=

(WY
]\ .
0 5 10 15 20 25
PAPR /dB

Fig. 4 — PAPR performance with same and different U

The same Figure represents the PAPR performance
with different phase sequence sets and the same and
different cyclic shift factors. When the number of
phase sets is K = 8 (the number of cyclic shifts is
M =35), at 0.2% of CCDF, the PAPR of CS-SLM
algorithm when the cyclic shift vector U is the same
and different reaches 9.4 dB and 9.2 dB, respectively.
The PAPR performance when the factor is different is
about 0.2 dB better than when the shift factor is the
same, which shows that choosing different U can
effectively avoid calculation repetition and improve
the PAPR suppression performance of algorithm.

PAPR Performance and Analysis of CS-SLM Algorithm

The PAPR performance curve presented in Fig. 5
corresponds to T-SLM algorithm and the proposed
CS-SLM algorithm. When the phase sequence
number is K = 8, T-SLM algorithm and CS-SLM
algorithm can reduce the PAPR of the system
effectively. At 0.2% of CCDF, the PAPR of CS-SLM
algorithm and T-SLM algorithm are 9 dB and 8.8 dB,
respectively. The CS-SLM algorithm is 0.3 dB worse
than the T-SLM algorithm.

The reason for the above performance difference is
that the T-SLM algorithm first operates in the
frequency domain. The MIMO-OFDM/OQAM signal
is multiplied by the different phase rotation factors
and subjected to IFFT modulation to obtain multiple
time-domain phase sequences with different PAPRs.
The phase factors of T-SLM algorithm are statistically
independent, and the new sequence obtained by
multiplying with the original signal sequence is also
independent. Its PAPR suppression performance is
better, but the generated time-domain phase sequence
requires IFFT operation. The CC is high. In this
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Fig. 5— PAPR curve of T-SLM and CS-SLM
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paper, the CS-SLM method is an IFFT operation to
modulate the original frequency domain signal into
the time domain and then use the cyclic shift of signal
with different lengths and the addition and subtraction
of signal between the antennas to obtain more phase
signal sets. These signal sets have certain correlation
between them, so the performance of reduced PAPR
will be slightly worse than the T-SLM algorithm.
However, the main advantage of this method is that
only one IFFT operation is needed to add and subtract
signals in the time domain. When the same number
of phase sequences is generated, compared with the
T-SLM algorithm, the CC is greatly reduced.

BER Performance and Analysis

In this paper, for verifying the BER performance
the CS-SLM algorithm 1is proposed, this paper
simulates the BER performance under two-channel
models. Channel 1: Flat Rayleigh channel, where the
channel gain H; (i = 1,2) is a complex Gaussian
process with unity gain; Channel 2: EVA70 channel
in LTE, its parameters: tap delay is 0 ns, 40 ns, 170
ns, 330 ns, 390 ns, 740 ns, 1100 ns, 1770 ns, 2570 ns,
the corresponding tap power is 0 dB, —1.7 dB,
—1.6dB, —3.8dB, —0.7dB, —9.8dB, —7.3 dB, —12.1 dB,
—16.2 dB. N; (i = 1,2) is complex Gaussian noise.
The simulation result is represented in Fig. 6.

It can be seen from Fig. 6 that the system BER
performance curve of the semi-blind detection method
proposed in this paper is consistent with the basic
trend of BER performance curve of T-SLM algorithm
with known sideband information. Taking channel 1
as an example, the BER performance of CS-SLM
algorithm proposed in this paper is 2.3 dB worse than
that of T-SLM algorithm. This is because it is
assumed that the modulation method is QPSK, the
power of each frequency point of T-SLM method
signal is 1, and the proposed method in this work uses
the addition and subtraction of signal. This operation
makes the variance of transmission signal larger.
Therefore, the BER performance of semi-blind
detection method T-SLM proposed in this work is
slightly worse at the receiver, but the sideband
information required by the semi-blind detection
method i.e., CS-SLM proposed in this work is certain,
and does not increase with the increase of number of
phase sequence sets, which effectively improves the
efficiency of spectrum utilization.

The BER performance for different companding
methods is illustrated in the Fig. 7, and in the Fig. 8
with HPA using QPSK and 16QAM modulation over
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Fig. 6 — BER curves of T-SLM and CS-SLM with QPSK
modulation under AWGN channel
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Fig. 7 — BER curves of T-SLM and CS-SLM with 16QAM
modulation under AWGN channel

AWGN channel. It is observed from Fig. 7, that the
algorithm can achieve low PAPR performance; the
BER performance is further improved compared with
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Fig. 9 — BER curves of T-SLM and CS-SLM with 16QAM
modulation with HPA over AWGN channel

other T-SLM algorithms after the HPA model. The
proposed algorithm is better than T-SLM over
channel 1 and channel 2 with 2.05 dB and 1.2 dB
respectively. It is illustrated in Fig. 8 that the
performance is still better than other algorithms when
using higher order modulations like 16 QAM
modulation.

The BER performance curve of different SLM signals
after two-path fading and AWGN channel in QPSK
modulation mode is illustrated in Fig. 9. Since SLM
introduces inter symbol interference, the receiver can get
better without SLM and de-companding.

Conclusions

Reliable and sustained information exchange to
meet the digital manufacturing requirements can be
achieved through robust data transmission through
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complex modulation technique. The proposed
modulation scheme has been implemented and

demonstrated with empirical data. The performance
analysis of the technique to suppress the PAPR and
realize efficient and quality data transmission is
presented. The analysis is carried out in terms of BER
curves for T-SLM and CS-SLM. Multiple cyclic shift
signals of 2 antennas are added and subtracted to
obtain more for phase sequences with different
PAPRs, each cyclic shift sequence and the new
sequence obtained by the addition and subtraction
operation form a signal set, and finally the sequence is
selected with the smallest PAPR from multiple signal
sets for transmission. Each antenna only needs one
IFFT operation and signal addition and subtraction
operations to obtain multiple sequence sets with
different PAPRs, the CC is greatly reduced. At the
receiver, sideband side information of sequence
selection in the transmitter set is used to recover the
rotation signal of each antenna, and then the reverse
phase rotation signal is compared with the distance to
the nearest constellation point to recover the original
signal. Therefore, this method only needs a small
amount of sideband side information to recover the
original signal, which saves spectrum resources.
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