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Upgrading SIM—OFDM Using a Threshold for
Correct Operation with Analytical Proofs
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Abstract—A new upgrade to the SIM-OFDM is suggested to
solve a critical problem that crashes the system even over
noiseless channel. This problem is the interference of the zeros at
the IFFT output with the Book’s zeros that confuses the receiver
during demodulation which leads to BER accumulation. The
suggested solution is to use a threshold to differentiate the data
carried by the Book from the IFFT’s symbols. The new system is
called Threshold SIM-OFDM  (TSIM-OFDM).  The
mathematical analysis of TSIM-OFDM proves it operates
normally and meets the theoretical bounds. The TSIM-OFDM
preserves the probability of 1 equal to %. This preservation
comes from the direct connection of the ON/OFF switching bits
to the subcarrier which overrides the majority condition. This
new switching technique simplifies the system operation resulting
in higher transmission speed and increased spectral and power
efficiency. A simple approach to derive the BER for the SIM-
OFDM is presented which proves that the SIM-OFDM will never
reach zero BER level unlike the TSIM-OFDM. The simulation
results show that the TSIM-OFDM BER reaches zero level and
the output power is almost half of the OFDM. Adding the
threshold will increase the transmitted power slightly and tends
to decrease with the increase of IFFT length.

Index terms—SIM-OFDM, multicarrier OFDM, low
transmission power communication, green communication
system, high spectral efficiency communication, low complexity
SIM-OFDM.

I. INTRODUCTION

The communication systems are playing a major role in the
development and progress of modern societies. These
communication systems orchestrate multiple life aspects like
e—commerce, e-health, exchanging expertise among scholars,
connecting people via social networks even managing military
sensitive operations [1-10]. Hence, they face many challenges
especially the data load that is increasing exponentially each
year [11]. To handle such massive data loads, the
communication systems should increase the transmission
power and/or bandwidth.

The available spectrum for transmission has become scarce
and valuable due to extensive usage. Also, the high—power and
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high—frequency transmission may create health hazards to
those live near the base stations [12-15]. Therefore, new
techniques in designing the communication systems are
emerging to solve the power/bandwidth problems. These
techniques are trying to distribute the power over multiple
paths to reduce its intensity or increasing the transmitter
directivity to maximize the received power [16-21]. The latest
attempt in this field is the Index Modulation (IM). The IM was
implemented with the OFDM subcarriers creating Subcarrier
Index Modulation OFDM (SIM-OFDM) that appeared in
2009 [22]. The SIM—OFDM uses binary data frames called Bit
ON OFF Keying (Book) to switch the subcarriers OFF if Book
= 0 or ON when Book = 1. The bits in the Book are passed
through a condition called majority condition Nmsj to check the
1s repetition. If the 1s are qual or higher than the Os then the
Book is passed to the subcarriers sections else the Book bits are
inverted before they are used for switching. This technique
promised a —3 dB power reduction with spectral efficiency
increment. The SIM-OFDM was implemented by many
applications to improve the link quality and safety [23- 26].
Since its appearance, the SIM-OFDM passed through
corrections to improve its performance [27-30]. The authors
of [31] proved analytically that SIM-OFDM is incapable to
satisfy its claims and cannot reach the — 3 dB power reduction.
Also, they showed that the BER is complicated with multiple
sources that leads to system instability.

The first contribution in this paper is highlighting, for the
first-time, the zero—interference problem that will render the
SIM-OFDM inoperable even over an ideal noiseless channel.
This problem happens when the IFFT output contains 0s that
will interfere with the Book 0s leading to the receiver’s
confusion. This confusion will crash the system due to Bit
Error Rate (BER) accumulation. This problem is fully
illustrated and analyzed in this paper with examples of the
sequences that will shut down the link. A simple solution is
suggested for this problem by using a threshold that will bring
the SIM—-OFDM back to normal operation. This new system is
referred to as Threshold SIM-OFDM (TSIM-OFDM). The
threshold will separate the Book 0s from the IFFT Os and acts
as an optimum detection threshold. The second contribution is
the direct connection between the Book and the subcarrier
section to preserve the probability of 1, p(1), to be always % to
ensure the — 3 dB power reduction. This new arrangement
simplifies the SIM—OFDM operation to increase its speed and
improve its BER performance. The third contribution is the
mathematical procedure suggested by this paper to derive the
analytical equation for the BER for any SIM-OFDM based
system to assess its operation. This procedure proves
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undoubtedly that the original SIM—OFDM BER [22] will not
converge to 0 even over noiseless channel. The new TSIM—
OFDM performance is verified using simulation and
mathematical derivations to prove its successful operation.

Section |1 presents the zero—interference problem, its causes
and the TSIM-OFDM structure and operation. Section Il
gives the TSIM-OFDM performance evaluation regarding
Spectral Efficiency (SE), transmission rate and the BER
analysis. Section IV contains the simulation results to provide
the proof that the TSIM—OFDM operates successfully. Section
V contains the final conclusions.

Il. THE TSIM-OFDM CONCEPTS AND OPERATION

This section explains the problem of the zeros generated by
the IFFT, how do they interfere with the Book, the threshold
effect and the TSIM—OFDM structure and operation.

A. Sequence Types that Generate 0(s) at the IFFT Output

The IFFT is a linear operator that transforms the frequency
samples to time domain. The IFFT twiddles are symmetrically
allocated around the unit circuit as equal positive/negative
values. This allocation is the main reason for the 0s generated
at the IFFT output because they can null each other when
added [32]. Assume an IFFT length N connected to QAM
mappers containing 2™ symbols where M is the bits/symbol
then the number of IFFT input states are 2 M * N, The
probability of selecting any state is 2 ~N*M [33]. If the selected
state contains N Repeated Number Sequence (RNS), the IFFT
output will contain N zeros if all the numbers are 0 or N — 1 if
the numbers are not equal to zero. If the chosen state consists
of Subsets with Evenly Repeated Number (SERN) then the
IFFT output will contain a single O located at N/2-1 of the
output. The most difficult sequence is when N is divided into
Repeated Subset with the Same Number Sequence (RSSNS),
then the output will contain different number of Os at different
locations depending on the subset’s contents. These sequences
for N = 16 are illustrated in Fig. 1 for clarity
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Fig. 1. Sequences generating O at the IFFT output

To understand why the Os at the IFFT’s output crash the
SIM-OFDM system, the SIM—OFDM principles of operation
must be revisited. The SIM-OFDM assumes when the Book =
0, the carrier at this index is turned off and no data are

transmitted. This state is called a forbidden state (x). If the

245

Book = 1 then the subcarrier is activated to modulate the IFFT
data [22]. Hence, the functionality of the SIM—-OFDM can be
summarized as in Table | where S is the IFFT output symbol’s
value.

TABLE |
THE Book AND IFFT INTERACTION FOR SIM-OFDM
IFFT x S=0 S+0
TRANSMITTER Boox 1 1
RECEIVER Rx 0 S

Table | shows that when the received symbol Ry = 0, then
the receiver cannot decide whether the symbol S = 0 or the
Book = 0, as highlighted in red in Table I, and that will
definitely crash the system. To avoid this confusion, a
threshold value (y) can be used to enable the receiver to
differentiate that the O either belongs to IFFT or Book. Adding
a y to the IFFT output transforms the SIM—OFDM operation
from Table I to Table II.

TABLE I
THE Book AND IFFT INTERACTION FOR SIM-OFDM WITH y
IFFT x S=y S+y#0
TRANSMITTER Boox 0 1 1
RECEIVER R« 0 y S+y

Table 11 shows that Ry takes tristate values which are 0, y
and S + y. Each state is now related to a unique Book/IFFT
combination which resolves the confusion problem. After
separating the Boox from the IFFT, the y can be removed at the
receiver to recover the original IFFT symbols. This threshold
approach is implemented with the SIM—-OFDM creating the
TSIM-OFDM. The effect on the IFFT’s output symbols
before and after adding y is shown in Fig. 2.a and Fig. 2.b
respectively for N = 16

|S |Smaxl+|7‘

max

(@)

Fig. 2. The threshold addition effect on the IFFT output, (a) without
threshold, (b) after adding the threshold

It is clear from Fig. 2.a that the IFFT’s output is densely
packed at the origin which creates the confusion at the receiver
as shown by Table I. However, after adding vy, the origin and
the area around are cleared for the forbidden state only as
shown by Fig. 2.b. Table Il states are indicated on Fig. 2.b.

B. The TSIM-OFDM System Operation Concepts

The main problem facing the SIM-OFDM is the presence
of the Nmg that alters and deforms the p(1) resulting in less
spectrum and energy efficiency. Also, Nmgj disturbs the BER
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resulting in system’s instability [31]. Therefore, this stage
should be removed to ensure proper operation. The removal is
achieved by setting the number of QAM mappers equals to N
in TSIM-OFDM rather than N/2 in SIM-OFDM [22] to
connect the Book directly to the subcarriers section.

In the beginning, the incoming data are converted to bits
using any binary representation system. The well-known
Fixed Point Number (FPN) representation is used to convert
the data to binary system. The FPN represents the data using a
fixed bits length F that is divided into two parts which are the
integer part and fraction part. After converting the data to bits
using FPN, these bits are divided into two blocks which are
the Book block that contains F x N bits and data repository
block stacked as M rows as shown in Fig. 3.

NColumns
" bu | b1 | bis|...| biw o | | b12 | bis
2oz | b2 | b23]...| baw 2|6 |62 | b2
'] I : i) ; o : ; : :
v | 5 I i S i i i i
! brilbral bl ...  ben b bV bms ...
Book Block Data Repository

Fig. 3. Dividing FPN data into Book binary block and data repository feeding
the QAM mappers.

The Book block switches the subcarriers ON/OFF while the
data repository is fed to the QAM mappers and then to the
IFFT stage. The block diagram of the TSIM-OFDM is shown
in Fig. 4. that illustrates how the Book block’s bits are directly
fed to the subcarrier section and the transmitted subcarriers
pattern. The TSIM-OFDM draws a row from the Book block
and draws columns from the data repository equal to the
number of 1s in this Book row.

These columns are fed to the QAM mappers and then to the
IFFT. The output of the IFFT is divided into real and
imaginary and checked for the sign. If the real or the
imaginary equals or higher than O then + y is added otherwise

— y is added. Then after, these real and imaginary are
combined before modulation using the active subcarriers.

Dy Dy by

After receiving the transmitted symbols, the detector will
compare their energy to the optimum threshold | y |/2 as shown
Fig. (2.b). If the received symbol is below | y |/2, then a O is
placed in the Book at the same index without any QAM
demodulation. If the symbol equals or higher than | y |[/2 then a
1 is placed in the Book and the symbol is decoded by the QAM
after removing y. When the Book block in the transmitter is
completed, another block is generated from the remaining data
in the repository to start the transmission cycle. At the
receiver, when F rows of the Book are received, the Book is
combined with the QAM demodulated symbols to retrieve the
original data. Obviously, the operation of the TSM-OFDM is
much simpler than the SIM—OFDM also there is no need to
synchronize the transmitter and receiver as needed by the
SIM-OFDM  [22-31]. This simplicity increases the
transmission speed and decreases the BER level due to the
elimination of the Nmg. The bits arrangement in Fig. 3. is not
compulsory and can be rearranged in any possible way that fits
the designers’ preferences.

I1l. THE TSIM-OFDM PERFORMANCE ANALYSIS

This section presents the mathematical analyses that
describe the TSIM-OFDM performance like the SE, the
transmission rate, transmission ratio and the BER. The BER
analysis followed here is very simple and easy to be applied to
any modified SIM—OFDM system. It proves, undoubtedly,
that the SIM-OFDM in [22] cannot work properly.

A. The Spectral Efficiency, Transmission Rate and Ratio of the
TSIM-OFDM

The TSIM-OFDM is upgraded to preserve the p(1) = % as
discussed above. Hence, the transmission rate for the TSIM—
OFDM is given by Error! Reference source not found.

Rrgm = P(1)xM xN +N =N (M7+1j )

while the transmission rate of the OFDM (Rorpm) IS M x N
which leads to the Transmission Ratio (Tgr) of the TSIM-
OFDM as shown in (2)
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Fig. 4. The TSIM—OFDM transmitter receiver block diagra
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The Tr for the TSIM-OFDM reached the theoretical value
suggested by [22] which exceeds the OFDM for the Binary
PSK (BPSK) system, equivalent to the OFDM for the
Quaternary PSK (QPSK). However, when M start to increase,
Tr approaches % level.

The spectral efficiency () is defined as the amount of data
carried per carrier. Thus, n for TSIM-OFDM can be
calculated as in (3) [34, 35] where the average active carriers
are Na = %2 because p(1) is preserved at %2

_N,xM +L|092(CS—Na)J

M )
s ="\ N :7+1 bit/s /Hz (3)

where C ™+ is the combination function and | -] is the floor

function. This maximum theoretical level of » can be reached
only when p(1) = % which is achieved by TSIM-OFDM.

B. The Bit Error Rate Analytical Derivation and Analysis

The BER occurs when the noise interacts with the symbol’s
power deviating it from its correct value. Looking back to
Table I, it can be seen that the TSIM-OFDM is a tristate

system with output powers 0, E and E [ correspond to 0, y
and S + y symbol levels respectively. Hence, these power level

will be the mean of the Additive White Gaussian Noise
(AWGN) as shown in Fig. (5)

P (Ry)

o - ——
=1

Boor

Fig. 5. The AWGN distribution in TSIM—-OFDM
The optimum threshold in Fig. (5), as depicted in Fig. (3.b),
is ‘ ny‘/Z. The TSIM-OFDM has two paths for data

transmission which are the Book and the QAM. Starting with
the Book Which contains a single bit takes either 0 or 1 value,
then the Book probability of error is given by (4)

PeBOOK =p (O) Pe (O)—i— P (1) Pe (l) = %[Pe (0)+ Pe (1)] (4)

where P¢(0) and P¢(1) are the probabilities of 0 and 1 false
detection respectively. The P¢(0) occurs when the received

power level of 0 symbol is higher than ‘ /EV‘/Z then P¢(0)

can be evaluated as given by (5), see Fig. (5)
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2 T exp(——x2 )dx _ E,
p < =2Q 5
. (0)= ,—NO JE_ N, N, (5)

The Pe¢(1) occurs when the symbol with level ,/Ey or

JE & s less than ‘\/E‘/Z or falls into the red region in

Fig. (5). Hence, P¢(1) can be evaluated as given by (6)

SR N P
P, (1)—\/m _J[Eexp{_( v )}dx
£ I
+ I exp[_(x_ E(FFT) de
E N, (6)

:Q( ;\170]_(?{3 ;\lyoJ

The other source of error is the QAM data path. The SER of
the QAM, P is given by (7) [36, 37 and 38]

EQ
PeQAM:4.Q{a S

e
fqo2 1 Eg
(1 NI H zmﬂ

where EQ is the QAM average symbol’s energy and

a =4[3/[2(2M —1)] is the normalizing factor. Another error

in the QAM path appears when Book is falsely detected. When
Book = 1 and detected as 0 then a QAM symbol is removed
from the data or when Book = 0 is detected as 1 then an
erroneous symbol is added. These false symbols are related to
the probability of 1 and O respectively.

To evaluate the average QAM path BER, assume a process
w containing K independent subprocesses and each process
generates its own error e; then the average probability error of
w is given by (8) [33]

K
Pe (V/) :zei /K (8)
i=1
Hence, the total QAM probability of error (P,”**") is
given by (9) according to (8).
_ 1
Rl =2 [R* +p@)-R. (W+P(0) P (0)]

()

©)

= %(PeQAM + PEBOOK )
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The TSIM-OFDM contains two error generating processes
that are the Book, and QAM. Thus, the TSIM-OFDM’s
average probability of error is given by (10) according to (8)

1
P,/M = 2| pBoox 4 pT-0AM 10
S = D[R+ RO (10)
Substituting (4) and (9) in (10) yields (11)
1 3 3
PIM =P =P (0)+ =P 11
S LR (URS ACY (11)

The Pe¢(0) and P¢(1) are mutually exclusive random
processes and both cannot occur simultaneously. The final
result in (11) shows how simple this approach to evaluate the
probability of error of SIM-OFDM, TSIM-OFM and any
system derived from them. The key value in (11) is the
probability of 1 and 0 that should be kept at %2 to minimize the
BER. To prove that the SIM-OFDM is not working and its
BER will not converge to O at all, then (5) and (6) are
substituted in (11) which yields (12)

PeTsu\n _ EPEQAM +§ 20 Ey
4 8 2N,

B

When Setting y =0 = E, = 0in (12), the TSIM-OFDM will
be identical to SIM—OFDM and (12) will be as in (13)

PeTSIM :EPEQAM + § .
4 8

The SIM-OFDM in (13) shows that even over a noiseless
channel or P9 =0, the SIM-OFDM’s probability of error

will not converge 0 but to a constant value which is 3. This
proof confirms the claims by this paper and the illustrations in
Table | and Fig. 2.a. Thus, y is mandatory for proper
operation. However, setting y to the optimum value for
minimum BER is not an easy task because v is related to IFFT

average output symbol’s power E [ which depends on N and

(12)

(13)

EJ . If y is much higher than E/.,, (13) will also converge to
constant % and BER will not converge to 0. This can be
verified by assuming y — o = E = o in (12). The

experimental approach is followed to set optimum y value
using trial and error.

IV. THE SIMULATION SETTINGS AND RESULTS FOR THE TSIM-
OFDM

The TSIM-OFDM parameters p(1), the output power and

the BER are evaluated using simulation to show how the EQ

and N are affecting the system’s performance and optimum 7.
The tests are performed by sending 10 8 bits through an
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AWGN channel. In the first test, QAM is set to 64 symbols, M
= 6, and y is optimized experimentally. The IFFT length is
changed to 128, 1024, 4069 and 16384 to test the N effect on
the performance and the optimum y. The transmitter and
receiver flowcharts are shown in Fig. 6.a and Fig. 6.b
respectively.

Create Data
Repository

Create Book

| Block

epare Data Equal xtract Book Row|
to Book 1s

Book Block
Complete?

Combine Real and
Imaginary. Prepare
Subcarriers and Transmit,

Transmission
Complete?
Yes
End

No

Subcarrier
Power<|y|/2

Set By Bit=0 at
This Index

1

AS"-' Boox : Accumulate
Bit=1 at This [~ Byox Bits
Index

Remove yfrom the
Dataand Pass
Through FFT

!

Demap the
Resultant QAM
Symbol

Accumulate
Data

(b)

Fig. 6. The flowchart of the TSIM—OFDM: (a) The Transmitter, (b) The
Receiver

The results for p(1) are shown in Fig. 7. The p(1) is
measured instantaneously per frame (Inst. p(1) ), the blue line,
and as an average (Av. p(1) ), the red line. It is clear that
average p(1) = % for all IFFT lengths even for a short sample
as shown in Fig. 7.d. This preservation of p(1) is very crucial
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to ensure proper TSIM-OFDM performance with maximum

efficiency as discussed in Section IlI.
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Fig. 7. The p(1) results for M = 6 TSIM-OFDM system, (a) N=128, (b)
N=1024, (c) N=4096, (d) N=16384

The output power test results are shown in Fig. 8. as an
average per frame, blue line, and total average power, red line.
The output power is equal between OFDM and TSIM-OFDM
as these systems are power preservative. But, the number of
frames in the TSIM—OFDM is twice the number of frames in
the OFDM as shown in Fig. 8.
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Fig. 8. The output power results for M = 6 TSIM-OFDM system, (a) N=128,
(b) N=1024, (c) N=4096, (d) N=16384
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When dividing the power by the number of frames, it can be
seen that the TSIM-OFDM is working near — 3 dB power. The
number of frames and power reduction level are summarized
in Table I11.

TABLE 1l
THE NUMBER OF OFDM AND TSIM-OFDM FRAMES AND REDUCTION
LEVEL SUMMERY

N OFDM TSIM-OFDM FRAMES POWER
FRAMES FRAMES RATIO REDUCTION (dB)

128 3125 5878 0.53 -2.74

1024 1562 2942 0.53 -2.74

4096 781 1470 0.53 -2.74

16384 488 917 0.53 -2.74

However, careful inspection for the average output power,
red line, it can be seen that the TSIM-OFDM total average
power is slightly above OFDM’s half total average power.
This increase in power comes from the added y which
increases the TSIM-OFDM’s average frame’s power. A
summary of the y effect on the TSIM-OFDM’s Frame
Average Power (Fap) is given in Table IV.

TABLE IV
THE y EFFECT ON THE TSIM-OFDM AVERAGE OUTPUT POWER SUMMARY

N OFDM Fap TSIM-OFDM Fap y POWER
128 0.326 0.2611 98.05x 103
1024 40.785x 10°° 35.264x 103 14.872x10°°
4096 10.196 x 10°® 7.966 x 103 2.868x 1073
16384 2.548 %1073 2.281x1073 1.007 x 1073

The y power can be calculated by subtracting TSIM-OFDM
Fap from half OFDM Fap. The y power is low and decreasing
with N increase.

The results shown in Fig. 9. are for the BER test with
optimized y for minimum BER. The BER for the TSIM-—
OFDM is mainly dominated by the QAM BER because the
number of the QAM symbol’s bit is much higher than Book’s.
with higher weight in (11). However, examining the BER it
can be seen that the QAM BER rapidly drops to 0 when Book
drops to 0 which verifies the assumptions for (9). The
optimum y used for the IFFT lengths is given by Table V.

TABLE V
THE OPTIMUM ¥ VALUES FOR MINIMUM BER SUMMERY
N » VALUE
128 0.18
1024 0.075
4096 0.03
16384 0.0205

Table V shows that the optimum y value varies with N
variation. However, the level is decreasing with N increasing
leading to y power decrement as given by Table IV. Overall,
the BER results show that the TSM-OFDM is working
properly with its BER is converging to 0.
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Fig. 9. The BER results for M = 6 TSIM-OFDM system, (a) N=128, (b)
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The next parameter under investigation is ES that can be
altered when 64 symbol levels QAM is replaced by 128 QAM
symbol levels, M = 7. This new QAM alters the IFFT output
symbol’s level S by altering EJ. The BER results using the
same y values in Table (V) are shown in Fig. (10). The QAM
128 levels BER results show that even when y is not optimized
for the new settings, the TSIM-OFDM BER still converges to
zero. The effect of the non—optimized vy is clear on the Book
BER that is shifted to a higher Signal to Noise Ratio (SNR)
causing QAM BER to increase.
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Fig. 10. The BER results for M = 7 TSIM-OFDM system, (a) N=128, (b)
N=1024, (c) N=4096, (d) N=16384

Optimizing y will give a better TSIM-OFDM BER
performance. The BER results for QAM 128 levels show how
important is y for the SIM—OFDM system and without it the
system fails to deliver the data even over noise free link.

V. CONCLUDING REMARKS

The TSIM-OFDM system preserves the p(1) = % to achieve
maximum system’s efficiency. The TSIM-OFDM is simpler
that SIM—OFDM due to the direct link between the Book and
the subcarrier section.

The SIM-OFDM and its derivatives suffer from the IFFT’s
0s. These Os interfere with the Book’s Os causing confusion at
the receiver that leads to accumulated BER even over
noiseless channel. A solution suggested by this research is by
adding a threshold to the IFFT output to ensure the IFFT will
not generate 0s. However, the threshold will slightly increase
the TSIM-OFDM output power leading to power reduction
decrement. Nevertheless, y level decreases with the increase of
N leading to higher power reduction. The y provides the
optimum detector boundaries unlike SIM—OFDM which are
missing. The optimum value for y cannot be easily calculated
due to the interaction between IFFT and QAM. The
experimental approach is followed by this research to evaluate
optimum y level. More accurate methods can be used like,
optimization algorithms or artificial intelligence.

The TSIM-OFDM transmitted frames are twice the
OFDM’s. Thus, TSIM-OFDM average frame’s power is half
the OFDM average frame’s power. This explains why the p(1)
should be kept to %2 to achieve the — 3 dB power reduction.

The TSIM-BER is dominated by the QAM because its
symbol’s bits are higher than the Book with higher probability
of error weight. However, the QAM is influenced by the Book
BER; thus, QAM BER drops to 0 when Book is correctly
detected. Equation (11) shows that the TSIM-OFDM QAM
BER can reach ¥ the OFDM’s BER if the Book is correctly
detected which represents a major reduction.

The simplified approach suggested by this research to
derive the BER can be applied to any similar SIM-OFDM
systems. This approach showed that the SIM—-OFDM will not
operate correctly unless a threshold is used.
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The TSIM-OFDM can be said as the first correctly
operational SIM-OFDM system and proved analytically and
through simulation.
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