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ABSTRACT Orthogonal frequency division multiplexing (OFDM) with index modulation (OFDM-IM)
technique has been recently proposed to provide performance improvements over conventional OFDM.
OFDM-IM includes a different data transmission mechanism, where additional data bits are transmitted
over subcarrier patterns by specifically activating selected subcarriers and nulling the others. However,
such a mechanism inherently causes some inefficiency due to the inactive subcarriers. To improve the
spectral efficiency of the OFDM-IM technique, dual-mode OFDM with index modulation (DM-OFDM)
is proposed, where nulled subcarriers are activated by using a second signal constellation. With DM-OFDM,
a significant data rate improvement can be obtained. As an important missing issue in the literature,
OFDM-IM and its effective variations, such as DM-OFDM, have only been studied in terms of computer
simulations and theoretical analysis. Therefore, their real-time performance is not yet investigated to assess
their potential for next-generation networks. Addressing this gap, in this paper, OFDM-IM and DM-OFDM
techniques are implemented in real-time by using software defined radio technology. National Instruments
USRP-2921 nodes are used in a single-input single-output configuration. With this implementation, detailed
real-time results and performance observations are provided. Moreover, a hybrid OFDM-IM (H-OFDM-IM)
scheme, which can be seen as the combination of OFDM-IM and DM-OFDM, is proposed by targeting the
limitations of both OFDM-IM and DM-OFDM in terms of spectral containment and error performance. With
H-OFDM-IM, noticeable improvements in spectral containment and error performance can be obtained, and
these observations show its suitability for real-time use and next-generation networks. With comprehensive
computer simulation and test results, these claims are verified.

INDEX TERMS Index modulation, OFDM, DM-OFDM, software defined radio, waveform.

I. INTRODUCTION

The number of wireless users continues to increase rapidly
and the management of frequency resources becomes more
difficult to handle day by day. This fact even affects cur-
rent wireless technologies and the expected service quality
levels cannot be met in some circumstances. In accor-
dance with this, research activities target new signal process-
ing techniques in the communications field. Particularly in
5G research activities, some novel physical layer techniques
are proposed to improve the limitations of traditional tech-
niques. As an important component of the wireless trans-
mission structure, the utilized waveform plays a key role in
transmission process, determining the corresponding perfor-
mance characteristics. In recent years, orthogonal frequency

division multiplexing (OFDM) technique has been the
dominant waveform choice in various wireless technologies.
Main advantages of OFDM are its robustness to frequency-
selective fading and its simple implementation. However,
OFDM has some major drawbacks that would threaten its
popularity in next-generation wireless technologies, espe-
cially in 5G wireless networks [1].

The main drawbacks of OFDM are the use of cyclic
prefix (CP), which decreases the spectral efficiency, the
rectangular shape filter that brings high sidelobe attenua-
tion, the peak-to-average power ratio (PAPR) problem that
brings important power consumption costs to mobile devices
and its high sensitivity to carrier frequency offset (CFO).
These problems cause noticeable error performance loss and
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spectral efficiency reduction. In order to overcome these
problems, some new methodologies have been proposed in
the literature. One important waveform candidate that pro-
vides remarkable improvements over OFDM is the OFDM
with index modulation (OFDM-IM) technique, which is pro-
posed in [2]. Similar to the principle of spatial modulation
OFDM (SM-OFDM), where in addition to the ordinary in-
phase and quadrature modulation, data bits are also transmit-
ted with the selection of active antennas [3], [4], OFDM-IM
performs the transmission of data bits with specific active
subcarrier patterns through IM. Therefore, in OFDM-IM,
some subcarriers are nulled to represent the corresponding
active subcarrier pattern. Such a procedure allows a more
efficient allocation of the transmission power to data sub-
carriers when compared to conventional OFDM, and pro-
vides improved error performance. However, this subcarrier
nulling procedure can be considered inefficient in terms of the
spectral efficiency, particularly for higher order modulations.
To solve this issue, as a novel technique, dual-mode OFDM
with index modulation (DM-OFDM) has been recently pro-
posed in [5] by filling the null subcarriers with an additional
distinguishable symbol mapping procedure. This brings an
improvement in terms of the throughput and increases the
spectral efficiency. In the literature, OFDM-IM based stud-
ies include only computer simulation or theoretical analysis
based performance results, and their real-time experimental
performance is yet to be investigated. Specifically, their per-
formance under CFO and real-time impairments cannot be
properly stated. However, to assess the potential of IM-based
waveforms for next-generation wireless networks, a real-time
analysis becomes essential.

Our major contributions in this study are summarized as

given below:

e OFDM-IM and DM-OFDM techniques are imple-
mented in real-time and the performance of these tech-
niques is evaluated in order to understand their behavior
under hardware related impairments. By using software
defined radio (SDR) technology, real-time implemen-
tations are performed. Two National Instruments (NI)
USRP-2921 nodes are used as the transmitter and the
receiver nodes. Moreover, NI PXI-6683H timing and
synchronization module is used as a synchronization
source for the transmitter node. GPSDO module is also
used with the receiver node as a source of synchroniza-
tion signal to this node. In order to provide the required
clock signals and to create a more realistic synchro-
nization between nodes, two separate synchronization
sources are preferred. In this way, the performance of
OFDM-IM and DM-OFDM is observed under real-time
CFO and timing offset (TO) impairments.

¢ As a combined version of OFDM-IM and DM-OFDM,
a hybrid OFDM-IM (H-OFDM-IM) scheme is pro-
posed. H-OFDM-IM can be seen as a compression
technique for OFDM-IM to manage the resources
more effectively. H-OFDM-IM provides improvement
in both spectral containment and error performance,
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as verified with both experiments and Monte Carlo
simulation results. With its real-time friendly features,
H-OFDM-IM appears as a good candidate for next-
generation networks and provides an improved perfor-
mance over both OFDM-IM and OFDM.
The rest of the paper is organized as follows. In Section II,
the related studies in the literature are summarized and some
important contributions are highlighted. In Section III, the
system models of the implemented and the proposed tech-
niques are explained. Then in Section IV, the technical details
of the implemented testbeds are given. After presenting com-
puter simulation and test results in Section V, the paper is
concluded in Section VI. Main abbreviations that are used
in this study are summarized in Table 1.

TABLE 1. List of frequently used abbreviations.

Additive white Gaussian noise AWGN
Bit error rate BER
Carrier frequency offset CFO
Cyclic prefix CP
Dual-mode OFDM with index modulation DM-OFDM
Fast Fourier transform FFT
Hybrid OFDM-IM H-OFDM-IM
Index modulation IM
Inter-carrier interference ICI
Inverse fast Fourier transform IFFT
Log-likelihood ratio LLR
Maximum-likelihood ML
Orthogonal frequency division multiplexing OFDM
OFDM with index modulation OFDM-IM
Peak-to-average power ratio PAPR
Signal-to-noise ratio SNR
Software defined radio SDR
Timing offset TO
Virtual instrument VI

Il. RELATED WORKS

In this section, we briefly cover the existing studies on
OFDM-IM, which has attracted significant interest in the
recent years. OFDM-IM is a promising form of IM, which
is a novel digital modulation format that considers the
transmit entities such as transmit antennas, subcarriers, radio
frequency mirrors, relays and modulation types for the trans-
mission of additional information bits [6], [7]. Due to its
attractive advantages over classical OFDM, such as improved
error performance, a more flexible structure, lower PAPR as
well as higher robustness to inter-carrier interference (ICI),
many researchers have explored the potential of OFDM-IM
and its variants. In [8], OFDM with generalized index
modulation (OFDM-GIM) scheme is proposed, where a flex-
ible subcarrier activation procedure is applied in compari-
son to the fixed structure of OFDM-IM. With the proposed
detector, this scheme provides an improved spectral effi-
ciency by sacrificing the error performance, which is val-
idated with computer simulations. Coordinate interleaving
is introduced for active subcarriers of OFDM-IM in order
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to improve the achievable diversity order in [9]. In [10], an
improved maximum-likelihood (ML) detector is proposed for
OFDM with the in-phase/quadrature index modulation
(OFDM-I/Q-IM) scheme, and both asymptotic average bit
error probability (ABEP) and exact coding gain expressions
are provided. As shown by computer simulations, this scheme
provides improved error performance and spectral efficiency
over the OFDM-IM scheme. A linear constellation precoded
OFDM-IM scheme is also introduced in [11] to harvest an
additional diversity gain. DM-OFDM is proposed in [5] to
improve the spectral efficiency and activate the nulled subcar-
riers of the OFDM-IM scheme. This procedure is applied by
activating nulled subcarriers with an additional distinguish-
able signal mapping. According to computer simulations, a
noticeable spectral efficiency improvement is obtained with
a good level of error performance.

As a further improvement over DM-OFDM, generalized
DM-OFDM (GDM-OFDM) is proposed in [12]. Accord-
ingly, the number of active subcarriers belonging to corre-
sponding signal constellation is not kept constant. Moreover,
inverleaving is utilized to improve the error performance
of this scheme at low signal-to-noise ratio (SNR). Such a
procedure brings a spectral efficiency improvement by sacri-
ficing the error performance, as validated through computer
simulations. More recently, by using the full permutation of
modes to convey a higher number of IM bits, the multiple-
mode OFDM-IM scheme is proposed in [13]. In [14],
IM is adopted to generalized frequency division multiplex-
ing (GFDM) technique, which has subcarrier-wise filtering
and non-orthogonal subcarrier localization, and GFDM-IM
is proposed. Performance of this scheme is compared to that
of GFDM and an improved error performance is obtained.
Finally, a framework is proposed in [15] by integrating
GFDM with space and frequency IM schemes to provide
flexible waveforms for future wireless networks.

Besides single-input single-output systems, IM is
also adopted to multiple-input multiple-output OFDM
(MIMO-OFDM) systems and MIMO-OFDM-IM is pro-
posed in [16]. It is shown via comprehensive computer
simulations that MIMO-OFDM-IM performs better than
MIMO-OFDM for several configurations. In [17], four dif-
ferent detectors are proposed for MIMO-OFDM-IM and
their error performance comparisons with MIMO-OFDM are
provided. As an important contribution, error performance
of the MIMO-OFDM-IM scheme is evaluated in a realistic
LTE channel by considering channel estimation errors and it
is shown that this scheme can outperform MIMO-OFDM.
A space-frequency coded IM scheme is also proposed to
obtain a better performance than MIMO-OFDM-IM with
transmit diversity [18]. More recently, sequential Monte
Carlo theory based, low-complexity, and near optimal detec-
tion algorithms are proposed for MIMO-OFDM-IM [19].

In [20], the energy efficiency of OFDM-IM is investi-
gated and an information-theoretical analysis is provided.
A strategy that provides an improved energy efficiency is
proposed for OFDM-IM, where the improvement is shown

VOLUME 5, 2017

through computer simulations. In [21], subcarrier-level inter-
leaving is adopted to the OFDM-IM scheme and OFDM
with interleaved sucarrier-index modulation (OFDM-ISIM)
is proposed. According to the provided analyses, this scheme
provides a higher performance than OFDM-IM when lower
order constellations are utilized. In order to improve the
error performance of OFDM-IM, an equiprobable subcarrier
activation method, which allows the activation of all sub-
carriers with almost equal probability, is proposed in [22].
An improved version of OFDM-IM is introduced in [23],
where subblocks are created in an adaptive manner. In this
scheme, different mappings and active subcarrier selection
procedures can be implemented within each subblock. Trans-
mission structure is given and according to the computer sim-
ulations, and an improved efficiency and error performance
can be obtained. OFDM with type-2 generalized index mod-
ulation (OFDM-GIM?2) scheme of [24], is targeted in [25]
where IM is independently implemented to the in-phase and
quadrature components of subcarriers. An improved version
of OFDM-GIM?2 is proposed by joint in-phase/quadrature
IM and a higher spectral efficiency is obtained. A subcarrier
allocation scheme is proposed for OFDM-IM in [26], where
the average minimum Euclidean distance is maximized to
improve the error performance. Moreover, a simple subcar-
rier allocation scheme is also proposed as a low-complexity
algorithm. As shown with the provided results, significant
performance improvements over OFDM-IM can be obtained.
In [27], the performance of OFDM-IM is analyzed by consid-
ering metrics such as Euclidean distance and PAPR. Accord-
ingly, an OFDM-IM scheme that provides a better error rate
than OFDM at low throughput, is constructed. Moreover, as
proven with extensive theoretical analysis and computer sim-
ulations, the PAPR performance of OFDM-IM is quite similar
to that of OFDM’s while considering Gaussian distributed
input symbols.

SM-OFDM with subcarrier IM (ISM-OFDM)), is proposed
for vehicle-to-vehicle and vehicle-to-infrastructure (V2X)
communications in [28]. In vehicular communications, in
order to obtain an improved performance over OFDM-IM,
quadrature index modulated OFDM is proposed in [29].
It is shown via computer simulation results that the pro-
posed scheme outperforms OFDM-IM. In [30], ICI cancel-
lation technique is adopted to the OFDM-IM with the aim
of improving the ICI cancellation level in V2X channels.
According to the computer simulation results, this scheme
outperforms both OFDM and OFDM-IM. In [31], OFDM-IM
with subcarrier-level interleaving is adopted to the vehicle-to-
infrastructure (V2I) communications to provide performance
improvement over OFDM and OFDM-IM schemes. It is vali-
dated through computer simulations that OFDM-IM provides
improvement over classical OFDM for V2I communications.

In [32], vulnerability of underwater acoustic (UWA) com-
munications systems to ICI is targeted and a procedure
is proposed for OFDM-IM. It is shown through computer
simulations that this scheme outperforms existing schemes.
PAPR and ICI performance of OFDM-IM is also analyzed
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in [33], where a better performance than OFDM is obtained.
In [34], in order to improve OFDM-IM’s vulnerability against
ICI, new methods to cancel ICI are proposed for OFDM-IM.
As a consequence, the spectral efficiency decreases, however,
this scheme provides a better error performance than OFDM.
Error probability analysis in the presence of CFO, is targeted
for OFDM-IM in [35]. As validated with theoretical analysis
and computer simulations, OFDM-IM provides a better per-
formance than OFDM.

In summary, OFDM-IM and its variations have been stud-
ied from various perspectives in the past years. However, to
the best of authors’ knowledge, there is no study that targets
real-time performance of OFDM-IM. As will be explained in
the following sections, this study deals with this interesting
issue, which has a paramount importance to assess the poten-
tial of IM-based waveforms for next-generation networks.

lll. SYSTEM MODEL

In this section, the system models of the implemented
OFDM-IM and DM-OFDM schemes are given. The proposed
H-OFDM-IM scheme is also explained.

A. SYSTEM MODELS FOR OFDM-IM AND DM-OFDM

In this subsection, we introduce the system models of
OFDM-IM and DM-OFDM schemes that are used in
the practical implementation. It should be noted that
the DM-OFDM system model, which is given in detail
below, is also valid for OFDM-IM when the second
DM-OFDM signal constellation contains a single element
that is zero. According to the DM-OFDM’s transmitter model
proposed in [5], p groups are created by splitting a total of
m information bits into portions of g bits, i.e., p = m/g.
In classical OFDM-IM scheme, in each group, the first
g1 bits of g bits select the index set of the active subcarriers
and, the following g» bits are modulated with the correspond-
ing modulation and form the active subcarriers. However, in
DM-OFDM, additional information bits can also be transmit-
ted and the data rate can be improved. Accordingly, inactive
subcarriers are activated by modulating them with a different
constellation. Thus, there are two index subsets for each
constellation, which are orthogonal to each other and activate
all available subcarriers in the corresponding group. In other
words, the determination of the first index set is sufficient to
decide on the indices of the second constellation.

With index selection and activation of subcarriers, an
OFDM subblock of length I = N /p is created, where N rep-
resents the size of the inverse fast Fourier transform (IFFT).
Corresponding index sets for the first and the second constel-
lations are denoted by Z4 and Zp, respectively. Similar to the
sets given in [5], constellations that are used in this study,
are determined as My = {—1—j,1 —j,1+j,—1+j} and
Mp = {1+ 3, (14+3)j, =1 = /3, —(1 + V/3)j}, respec-
tively. If the number of subcarriers that contain symbols from
My constellation set is equal to k£ and the number of remain-
ing subcarriers is equal to [ — k, the corresponding numbers
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TABLE 2. Look-up table for index selection with parameters of g; = 2,
I=4andk =2.

Index Bits | Indices Subblocks
[0, 0] [1,2] | [Sa™,84®, 55, 55@]
[0, 1] [1,3] [ [Sa™,85™,85.4®, 55@]
[1,0] [1, 4] [SA(I),SB(D,SB(Q),SA(Z)}
[1.1] 2,41 | [S5™, 540, S5, 54@]

of IM and ordinary modulation bits can be calculated as

I
{logﬂ = k),k,>J )
g2 = klogy(My) + (I — k)logy(Mp), @

where |-] represents the floor operator, and M4 and Mp
represent the sizes of the corresponding constellations.
In this implementation study, these parameters are selected
as g1 = 2,/ = 4 and k = 2 and for these parameters, index
patterns are determined as shown in Table 2. In the table,
SX) and Sg) represent the two symbols (i = 1, 2) selected
from the corresponding constellations, My and Mp. Then,
the created subblocks are concatenated as

Xa[(B— DI +«]

fora = 1,2,...1, B = 1,2,...p, where XP[a] rep-
resents the oM subcarrier of the A subblock. Before the
IFFT operation, reference subcarriers are inserted into sub-
blocks in accordance with a comb-type pilot allocation.
As shown in [36], comb-type pilot allocation can be done
by inserting IK), pilot subcarriers into Ky data subcarriers for
channel estimation such that

= X’[a], A3)

X[Zk] = X[(a— Hv +v]

X,[a]. v=1

Xd[(a—l)(V— 1)+v—1], v=2,3,...,V,

“)

where X[ k] stand for the frequency-domain OFDM samples
with the subcarrier indices of k = 1,2,..., K, + Kg,
X,[a] represents the a™ pilot subcarrier with a = 1,
2,..., K, and, V denotes the ratio of total number of sub-
carriers to the pilot subcarriers such that V = Kd;{_Kp . Then,

. P .
these frequency domain symbols can be transformed into time
domain as

e]271(]k l)n/ZK

x[n] = n=12,...,N,

|Mﬁ

&)

where IK is the total number of subcarriers, i.e.,
K = K4 + K. In order to estimate as well as compensate
CFO and TO, an algorithm should be utilized in real-time.
Van de Beek algorithm in [37] makes use of correlation
with CP to obtain symbol timing and maximum likelihood
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CFO estimates. Received signal with CFO and TO can be
represented as

y[nl = ™ hln] * x[n — 0] + win, (©6)

where n = 1,2,...,N + Ncp, * is the linear convolution
operator, Ncp is the length of CP samples, h[n] represents
the channel impulse response and w[n] represents the additive
white Gaussian noise (AWGN) samples. Furthermore, ¢ and
0 represent CFO and TO, respectively. According to [37],
a log-likelihood function is maximized in order to obtain
CFO and TO, which can be shown as [37]

AB, €) = ly@lcos2me + Ly(0)) — pP(©), @)

where y is the consecutive correlation between samples, @ is
an energy term and p is the coefficient of correlation between
N spaced samples. After the maximization, the estimates of
¢ and 6 can be obtained as

A 1
emL(0) = —EZV(G), ®)
arg max{ly (0)] — p®(O)}- ©))

OmL

With these estimates, CFO and TO are compensated and
CP is removed. After the CP removal, frequency domain
representation of the received signal can be obtained with
N-point FFT such as

N
Y(k] = \/iﬁ > ylnle 2RO D/N, (10)
n=1

Y[k] can also be represented as
Y[k] = H[kIX[k] + W[k], (11)

where H[k] and W[k] are frequency domain representations
of h[n] and w[n], respectively. After the separation of data
and pilot subcarriers, channel estimation is implemented.
Channel coefficients observed on the received pilot subcarri-
ers Y, [a], that are separated from (11), can be estimated with
zero-forcing method such that

H, [a] = Yplal

L a=12,.. . K, (12)

Then, the channel coefficient on k™ data subcarrier can
be estimated by implementing one-dimensional interpola-
tion [38] with H), [a] such that

Hy k] = (Hyla+ 1] — H, [a])% VY Hylal. (13

Then, the separated data components from (11), can be
written as

Yq[k] = HqlKk]1Xa[Kk] + W[k]. (14)
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1) REDUCED-COMPLEXITY ML DETECTOR

In order to obtain a high detection performance, a reduced-
complexity ML detector is proposed for the DM-OFDM
scheme. Accordingly, as the first step, transmitted symbols at
index sets of the first and second constellations are estimated
as

Ryalk] = arg  min - [Ylk] = HalKISa0m) SENGE))
Rg.plK] = ag  min |Yalk] — HalK1Ss(q)|>,  (16)

where S4(m) and Sp(q) are the m and q‘h elements of the
constellations My and M, respectively. Then, the following
metric is calculated for all subcarriers of the corresponding
subblock as

5 2
ML[K] = |Yylk] — Ha[k1Xq 4[K]|

— |Yalk] — HalK1Xq pIK1[. (17)

Afterwards, in the corresponding subblock, all ML[k] val-
ues are sorted in an ascending order and, in accordance
with the look-up table, indices of the first constellation are
determined by evaluating the first values. Remaining indices
in subblock are determined from the second constellation
and transmitted symbols are estimated for each constellation
from (15) or (16).

2) LLR DETECTOR

Alternatively, the reduced-complexity log-likelihood
ratio (LLR) detector, which is modeled in [5], is considered.
Accordingly, the logarithm of the ratio of posteriori proba-
bilities is calculated in order to separate the subcarriers from
two different constellations. This is realized as

v = In (Z?Zil Pr(Xqlk] = Sa(m)| Y [k]))
M5, Pr(Xql k] = Sn(q)|Yalk])

It is clear that at high SNR, yy, is positive if the subcarrier at
corresponding index is modulated with the first constellation,
and it is negative if the subcarriers are modulated with the
other constellation. The LLR value of yj is calculated with
this algorithm and then, transmitted symbols can be estimated
as

18)

X4k
arg min_|Yglk] — HylKISa(m)|*, 7% = +1,
_ Sa(m)e My )
arg min |Yy[k]— Hy[k]S , Yk =—1,
gSB(q)GMB| WKl — Ha[KISs(@)|", V&
(19)

where yy represents the signs of yy, i.e., Y = sgn(yx). For
each subblock, by following the patterns in the look-up table,
IM bits can be determined by using the obtained values of yy,.

B. H-OFDM-IM SYSTEM MODEL
As a hybrid version of OFDM-IM and DM-OFDM, a new
waveform, which is named as H-OFDM-IM, is proposed
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in this study. Accordingly, the OFDM scheme in which all
subcarriers are active, is considered. Improvements in both
spectral containment and error performance are targeted.
Since inactive subcarriers in OFDM-IM provides additional
transmit power for the active ones, a higher number of inac-
tive subcarriers is desired in order to improve the error per-
formance at the cost of a reduced data rate. Moreover, as a
unique approach, the positions of these inactive subcarriers
can be selected in a way that sidelobe attenuation levels are
decreased.

Combination of these two design issues would bring
improved sidelobe attenuation and error performance.
In H-OFDM-IM, some subblocks at the beginning and at the
end of the OFDM symbol are inactivated and are constructed
of only nulled subcarriers. A number of subblocks are created
as OFDM-IM subblocks, while the remaining subblocks are
created as DM-OFDM subblocks in order to provide an equal
data rate with that of classical OFDM. The number of these
subblocks are determined in accordance with the targeted
sidelobe attenuation performance and to keep the same data
rate. These different subblocks can be concatenated as

0, o € B,

20
XPlal, o € By U Bam, @0

Xa[(B— Dl +a]= {

where B;, B;, and By, represent the subblocks belonging
to nulled subblocks, OFDM-IM subblocks and DM-OFDM
subblocks, respectively. Moreover B;, Bj,, and B, represent
the numbers of these subblocks, respectively. For OFDM-IM
subblocks, the look-up table in Table 3 is utilized and the
procedure in [2] is implemented.

TABLE 3. Look-up table for index selection in OFDM-IM, with parameters
ofgy=2,/=4and k =3.

Subblocks
AR ARNCASN)

Index Bits | Indices
[0, 0] [1,2,31 | | ]
[0, 1] (1,2,4] | | , ]
[1,0] (1,3, 4] [SA<1>,0,SA<2> 549
(1, 1] (2,3,4] | | ]

At the receiver side, the following LLR expression is cal-
culated for a given OFDM-IM subblock

My _
Vi = ln(Zmzl Pr(Xy[k] = SA(m)IYd[lk])) 21
Pr(Xy[k] = 0|Y4[K])

Afterwards, positive yj determines the active subcarrier and
the corresponding bits that are used in index selection are
estimated in accordance with the look-up table. Then, the
transmitted symbols at active indexes are estimated as

Xalk]
2 ~
arg  min |Yalk] — HylKISa(m)|",  7x = +1,
= Alm
0, vk =—L
(22)
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For DM-OFDM subblocks, the procedure in the previous
subsection is applied and the patterns in the look-up table are
tracked. Then, data bits are estimated.

IV. TESTBED DETAILS

In this section, we provide the technical details of the trans-
mitter and receiver testbeds. In Fig. 1, the realized experimen-
tal setup is shown.

C-LabVIEW

~ NI USRP-2921

NI USRP-2921 __Destination

I Source

FIGURE 1. Experimental setup used in real-time implementation.

A. TRANSMITTER DETAILS

1) PILOT TONES FOR CHANNEL ESTIMATION

In order to estimate and track the channel, comb-type channel
estimation method with one dimensional linear interpolation
is used. Accordingly, a group of subcarriers are used as the
pilot tones in accordance with the considered ratio of number
of data subcarriers and pilot subcarriers. In this implementa-
tion, this ratio is considered to be 8, i.e, one pilot tone is used
for 8 data subcarriers.

2) SYMBOL STRUCTURE

The structure of the considered OFDM symbol is shown in
Table 4 with the corresponding system parameters. Accord-
ingly, data subcarriers, pilot subcarriers and nulled subcar-
riers are inserted, where we have 112 nulled subcarriers
at the beginning, one nulled subcarrier at the center and
111 nulled subcarriers at the end of the symbol. The symbol
is created and IFFT operation with a length of 512 is realized.
After the IFFT operation, the CP portion is added. The length
of CP portion is 88 samples, therefore, CP overhead in time
domain signal is approximately 17%. With the CP addition,
time domain signal is created.

3) SOFTWARE AND HARDWARE CONFIGURATION

In order to transmit the generated symbols with the USRP
node, related configurations are constructed. Programming
is achieved by using LabVIEW’s virtual instrument (VI)
components. To start and manage the transmission session
with USRP, ‘Open Tx Session VI’, ‘Configure Signal VI’,
‘Set Time VI, ‘Write Tx Data VI’ and ‘Close Session VI’
from the USRP library in LabVIEW are used [39]. Con-
figurations of the transmission parameters such as gain and
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TABLE 4. Measurement setup parameters.

Carrier frequency 2.45 GHz

1/Q data rate 105 samples/sec
Sampling rate (fs) 1.25 x 10% samples/sec
Utilized modulation / DM-OFDM 4-QAM
Utilized modulation / OFDM-IM 16-QAM
Number of data subcarriers (K ) 256
Number of reference subcarriers () 32
Number of source / destination node 1/1
Zero padding / FFT length (N) 224 /512
CP length (Ncp) 88

Simulation Channel 4-tap Rician,
uniform power delay profile, K = 5
B,=4/B,=8/B, =12

150 cm

Simulated H-OFDM-IM schemes
Distance between Tx and Rx nodes

carrier frequency, are set with ‘Configure Signal VI'. The
configured parameters are shown in Table 4. Additionally,
synchronization configuration is performed by using related
VI component. Here, the reference frequency source and
clock source of USRP are configured and NI PXI-6683H
module is used as a reference. Since NI PXI-6683H module
is a separate one that is integrated to NI PXIe-1082 chassis,
the module and USRP node are connected with RF cables.
A 10 MHz clock signal and related time signal are trans-
mitted via these RF cables. With these steps, the transmitter
is configured and used in experiments to implement data
transmission.

B. RECEIVER DETAILS

1) CFO AND TO ESTIMATION

After reception of data from the channel, first, CFO and TO
are estimated. Van de Beek algorithm [37] is used for this
purpose. This algorithm exploits the correlation arising from
the CP portion and obtains symbol timing and maximum
likelihood CFO estimates. Since the received signal contains
repetitive parts, which are CP portion and the portion at
the end of the symbol, autocorrelation can be utilized to
obtain offset estimates. By this repetition, both the start of the
symbol and CFO can be estimated. By the estimation of TO,
the CP portion is removed and the estimated CFO is fixed.

2) CHANNEL ESTIMATION

After the FFT operation, data and pilot subcarriers are
extracted. By following the pilot insertion procedure in the
transmitter side, data and pilot subcarriers are separated. With
one-dimensional linear interpolation, channel coefficients
are estimated. Then, the estimated channel coefficients are
given as input to OFDM-IM and DM-OFDM demodulation
algorithms.

3) SNR ESTIMATION

For SNR estimation, which is crucial for the comparison of
experiment results with the results obtained by computer sim-
ulations, the method proposed in [40] is considered. Accord-
ingly, instantaneous signal power can be estimated by the
evaluation of the best hypotheses of the received noisy and
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noise-free signals. Detection procedure of OFDM-IM scheme
can be considered as an example. Accordingly, the instanta-
neous noise power can be computed as

Zyk] = |Yq[k] — Xq[K]Hg[K]|*. (23)

Since this expression is computed on a subcarrier-basis, to
obtain the average noise power, results of each subcarrier are
averaged as

N 1 K
7, = = l;zd[zz{]. (24)

After computation of the noise power, average signal power
can be computed according to

~ 1 K
P, = = 1; Y [Kk]. (25)

Finally, SNR can be estimated as

3 2
SNR; = 2. (26)
Zy

4) SOFTWARE AND HARDWARE CONFIGURATION

To implement the reception process on the USRP device,
VIs from USRP VI library, which are ‘Open Rx Session VI’,
‘Configure Signal VI’, ‘Set Time VI’, ‘Initiate VI’, ‘Fetch Rx
Data VI’, ‘Abort VI, ‘Close Session VI’, are utilized [39].
Just as in the transmitter side, transmission parameters are
allocated by using ‘Configure Signal VI'. In order to synchro-
nize the receiver node with the transmitter node, synchroniza-
tion configuration is performed by using the same VI. Then,
the data received by USRP is transferred to the host computer
by using the ‘Fetch Rx Data VI’ and the data is processed at
OFDM-IM and DM-OFDM demodulation VIs.

V. SIMULATION AND TEST RESULTS
In this section, the results of conducted computer simulations
and real-time experiments are presented and some important
points are highlighted. Performances of different systems
are measured in terms of bit error rate (BER) and spectral
containment. In order to observe the differences in perfor-
mances, real-time experiments are conducted for OFDM-IM
and DM-OFDM schemes by also experimenting two different
k parameters. Moreover, the same schemes are also evalu-
ated with computer simulations and these results are jointly
presented to observe the differences between the ideal and
real-time environments. Performances of OFDM, OFDM-IM
and H-OFDM-IM schemes are compared with real-time
experiments and computer simulations by experimenting two
different k£ parameters and three different nulled subblock
setups. Lastly, spectral containments of OFDM, OFDM-IM
and H-OFDM-IM are demonstrated to highlight the benefits
of the H-OFDM-IM scheme, by also evaluating different
parameters.

The considered symbol structure and the determined
parameters are shown in Table 4. In the results, the spectral
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FIGURE 2. Performance results for OFDM-IM and DM-OFDM schemes, for
k =2 and k = 3, and a spectral efficiency of 0.225 bits/s/Hz.

efficiency of the corresponding system is also computed as
the division of data rate to transmission bandwidth, where
data rate R is equal to w bits/sec, considering a symbol
duration of T seconds. In order to make a fair comparison,
channel characteristics of the testbed are measured, and the
channel in the computer simulations is determined in accor-
dance with these measurement results. Accordingly, a four-
tap Rician channel with uniform power delay profile and
K -factor of 5 is determined.

A. RESULTS FOR OFDM-IM VS DM-OFDM

OFDM-IM and DM-OFDM schemes are evaluated with
computer simulations and real-time experiments. Error per-
formance results of these schemes are demonstrated in Fig. 2.
Due to the difficulty of accurate allocation of the desired
transmission power, experimented Ej, /Ny interval is obtained
as 17 to 45 dB, where E}, is the average transmitted energy
per bit and Ny is the noise power spectral density. As the
second difficulty, due to limited node distance that stems
from the lengths of RF cables used in the synchroniza-
tion solution, lower E,/Ng values cannot be experimented.
DM-OFDM schemes are implemented with 4-QAM, and for
a fair comparison, OFDM-IM scheme is implemented with
16-QAM and k = 2 to keep the same data rate. Here, the
bandwidth of transmission is equal to 1 MHz, subcarrier
spacing is approximately 3.5 kHz, and symbol duration is
equal to 2.85 ms. Therefore, the system data rate becomes
225 kbit/s and the spectral efficiency is 0.225 bits/s/Hz.
Different k parameters are also utilized for the
DM-OFDM scheme.

As observed with real-time test results, the DM-OFDM
scheme provides a better error performance than
the OFDM-IM scheme. Moreover, as expected, a higher value
of k improves the performance. Since k parameter represents
the number of subcarriers that belong to the first constellation
that contains subcarriers with lower power (compared to
the second constellation), at the same power consumption,
a higher value of k allocates more power to all data
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FIGURE 3. Performance results for OFDM, OFDM-IM and H-OFDM-IM
schemes, for k = 2, and the spectral efficiency is equal to 0.64 bits/s/Hz.
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FIGURE 4. Performance results for OFDM, OFDM-IM and H-OFDM-IM
schemes, for k = 3, and the spectral efficiency is equal to 0.85 bits/s/Hz.

subcarriers. These schemes are also compared with com-
puter simulations. The same observations are also valid for
these results, where the difference between two different
DM-OFDM schemes decreases at higher Ej/Ng values.
Compared to computer simulation results, real-time results
are inferior at lower Ej/Ny values, and after E,/Ny value
of 30 dB, results start to converge. It is clear that at higher
E}y /Ny values, real-time impairments cause fewer bit errors.
It is also clear that DM-OFDM scheme provides an improved
BER performance also in real-time and is not significantly
affected from real-time impairments at high Ej /Ny values.

B. RESULTS FOR OFDM, OFDM-IM AND H-OFDM-IM

BER performances of OFDM, OFDM-IM and the proposed
H-OFDM-IM schemes are evaluated with real-time exper-
iments and compared with computer simulation results as
demonstrated in Figs. 3 and 4, for k = 2 and k = 3,
respectively. As explained earlier, the motivation behind the
H-OFDM-IM scheme is to allocate the total power more
effectively to obtain a better error performance and spectral
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FIGURE 5. Spectral containment results of OFDM, OFDM-IM and H-OFDM-IM schemes, (a) for k = 2, (b) for k = 3, where the spectral
efficiency is equal to 0.64 bits/s/Hz for (a), and 0.85 bits/s/Hz for (b), respectively.

containment. In order to validate this, three different
B, parameters are evaluated and the BER performance
of H-OFDM-IM is compared with that of OFDM and
OFDM-IM schemes. For H-OFDM-IM schemes, beside
B; values, corresponding Bj,, and By, values are also shown
in the figures, but only B, values will be mentioned for
brevity. In all schemes, 4-QAM modulation is utilized in the
OFDM symbol structure. First, as shown through computer
simulations in Fig. 3, higher number of nulled subblocks,
i.e., higher values of B, result in clear performance improve-
ments over OFDM and OFDM-IM schemes. Especially
when B, = 12, BER performance advantages over the other
schemes become more significant. Compared to OFDM-IM,
OFDM performs better for lower Ej/Np values, but
OFDM-IM outperforms OFDM after the E,/No value
of 25 dB. Moreover, OFDM can only reach the performance
of H-OFDM-IM scheme with B, = 4, and this is only valid at
lower Ep, /Ny values. After the Ej, /Ny value of 15 dB, OFDM
scheme provides a worse BER performance. However, as
shown with real-time experiment results, advantages of
H-OFDM-IM scheme start to disappear in real-time, espe-
cially at Ep /Ny values higher than 24 dB. In experiments,
the H-OFDM-IM scheme with B, = 12 is experimented.
Performance loss of this scheme is resulted from the
I/Q impairments stem from hardware issues and two different
constellations cannot be effectively distinguished from each
other. Moreover, OFDM-IM scheme provides the best per-
formance at higher Ej, /Ny values. Compared to the simula-
tion results, IM-based schemes show degraded performances
and the use of OFDM is more favorable at low Ej/Ny val-
ues. Again, I/Q impairments and channel estimation errors
render index pattern detection procedure challenging and
consequently, resulting performance degradation. However,
techniques like interleaving, are not adopted to the IM-based
schemes, and such tools could provide significant improve-
ments, as shown in [2].

Second, as shown in Fig. 4, the same observations are also
valid for the case of k = 3. When k is lower, more power
is allocated to the active data subcarriers and an improved
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error performance obtained. Therefore, increasing k from
2 to 3 results in a degraded error performance, however,
this increment provides an increased data rate. Moreover,
advantages of higher values of B, start to disappear. Since
the data rate increases with k = 3 compared to the case of
k = 2, increased number of DM-OFDM subblocks, i.e., B,
are created to keep the same data rate, and bit errors increase.
In other words, a higher number of B, is more desirable than
that of Bg,,. In computer simulation results, when compared
to OFDM-IM, OFDM performs better, however, it cannot
outperform H-OFDM-IM schemes. As observed in the pre-
vious results demonstrated in Fig. 3, real-time performance
of H-OFDM-IM is again degraded and the schemes provide
similar performances at higher Ej /Ny values. In conclusion,
H-OFDM-IM provides configuration flexibility and the
desired error performance can be obtained with the corre-
sponding parameter configuration.

C. SPECTRAL CONTAINMENT SIMULATION RESULTS FOR
OFDM, OFDM-IM AND H-OFDM-IM

In order to assess the spectral containment benefits of the
H-OFDM-IM scheme, spectral containment results of
OFDM, OFDM-IM and H-OFDM-IM schemes are demon-
strated in Fig. 5. These results are obtained by computer
simulations with 1000 iterations for each scheme. In Fig. 5,
averaged results of these iterations are shown. There are two
groups of results, which are obtained for k = 2 and k = 3,
respectively. First, for k = 2, when OFDM and OFDM-IM
schemes are considered, their spectral containment results
overlap and are almost identical. H-OFDM-IM scheme is
again considered with three different configurations that are
utilized in the computer simulations provided in previous
subsection. With higher values of B, a more compact spectral
containment is obtained and the frequency spectrum is used
more efficiently. This is also valid for results that are obtained
in the case of k = 3, and the results are almost the same
except more confined amplitude variations at data subcar-
riers. The spectral containment benefit comes with a cost,
where power levels of the subcarriers in DM-OFDM groups
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are higher and distortions could arise due to these amplitude
variations in some specific circumstances. However, obtained
spectral containment benefit is quite significant and desirable.
Especially for short-packet transmission applications, such as
compressed spectrum, may bring important advantages into
the system. As a noticeable property, this procedure can also
bring an error performance improvement, which increases its
applicability in next-generation technologies.

D. COMPLEXITY ANALYSIS

As explained in [2], OFDM-IM has a complexity on the
order of O(ZM ) per subblock, where M is the size of the
constellation. OFDM waveform has also the same imple-
mentation complexity. Moreover, LLR based detector, which
is proposed for DM-OFDM, has a complexity on the order
of O(I(Ma + Mg)) per subblock in terms of metric cal-
culations [5]. Comparing the implementation complexity
of H-OFDM-IM with other waveforms on subblock basis
would not be fair due to the presence of nulled subblocks.
However, this can be realized on a symbol basis.

In the implementation procedure of H-OFDM-IM,
DM-OFDM subblocks carry more bits than those of
OFDM-IM subblocks, therefore these subblocks are not
equal in terms of complexity. If both of them carry the
same amount of bits, DM-OFDM subblocks bring an imple-
mentation advantage as explained. Thus, complexity of
H-OFDM-IM waveform is higher than OFDM and
OFDM-IM on a symbol basis. Implementation complexity of
H-OFDM-IM is on the order of O (BimlM 'A+Banl(Ms+M B))
per H-OFDM-IM symbol. Symbol basis complexity levels
of other waveforms can be easily calculated by utilizing the
number of subblocks. With a numerical example, complexity
difference can be understood more clearly. If we consider the
case whose results are shown in Fig. 4, the LLR detection of
OFDM and OFDM-IM requires 1024 metric calculations per
OFDM symbol. For the case of H-OFDM-IM, 1216 metric
calculations are required for LLR detection. Higher number
Ban values increase the complexity, however, the implemen-
tation complexity of H-OFDM-IM is not significantly higher,
and improved spectral containment can be obtained.

VI. CONCLUSIONS

In this study, for the first time in the literature, OFDM-IM
and DM-OFDM techniques have been implemented in real-
time by using SDR nodes, in order to assess their suitability to
real-time applications. Accordingly, implementation details
have been provided and test results have been presented.
Moreover, to provide a robust waveform for real-time use,
H-OFDM-IM has been proposed and its comprehensive
performance comparisons with OFDM and OFDM-IM
have been presented. Accordingly, noticeable performance
improvements over these techniques can be obtained with
H-OFDM-IM. Feasible implementation details and perfor-
mance results have been proposed for real-time applica-
tions. Furthermore, with the proposed effective technique,
a beneficial perspective for real-time waveform design has
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been presented. As the future work, performance improve-
ment of the H-OFDM-IM scheme and its enhanced versions
in real-time will be targeted specifically focusing on real-time
impairment effects.
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