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5G New Radio: Milestones

The Feb. 2017 draft report of ITU on the key performance requirements
of IMT-2020:
→ a downlink peak date rate of 20 Gbps and
→ a downlink peak spectral efficiency of 30 bits/sec/Hz.

3GPP successfully completed the first implementable 5G New Radio
specification in Dec. 2017. 3GPP 5G Standalone Release (June 2018).

5G PHY Layer: Above 6 GHz, massive MIMO, multiple OFDM
numerologies.

One thing has become certain during standardization of 5G:
There is no single enabling technology that can achieve all of the
applications being promised by 5G networking.
The necessity of more flexible, new spectrum- and
energy-efficient physical layer (PHY) techniques for
beyond 5G wireless networks.

Press Release: ITU Agrees on Key 5G Performance Requirements for IMT-2020.

http://www.itu.int/en/mediacentre/Pages/2017-PR04.aspx

First 5G NR Specs Approved.

http://www.3gpp.org/news-events/3gpp-news/1929-nsa nr 5g
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New PHY Solutions for Beyond 5G

To address the vast variety of user applications, 5G and beyond radio
access technologies (RATs) should have a strong flexibility support and
employ novel PHY techniques with higher spectral/energy efficiency and
lower transceiver complexity.

Unconventional transmission methods based on the promising concept of
index modulation (IM) may have potential and impact to shape beyond
5G RATs due to their inherently available advantages over conventional
systems.

Initial skepticism of both academia and industry on the potential of IM
technologies has now gone away.

IM is not another simple digital modulation alternative, but rather can
be a game-changing communication paradigm whose time has come!
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The Concept of Index Modulation (IM)

IM is a novel digital modulation technique, which utilizes the indices of
the building blocks of corresponding communication systems to convey
additional information bits.
→ building blocks: transmit antennas, subcarriers, time slots, etc.

IM techniques:
→ consider innovative ways to convey information compared to
traditional communication systems of the past 50 years,
→ offer attractive advantages in terms of spectral and energy efficiency
as well as hardware simplicity,
→ appear as competitive candidates for next-generation wireless
networks.

There has been a tremendous interest in IM schemes over the past few
years.

E. Basar, “Index modulation techniques for 5G wireless networks,” IEEE Commun. Mag., vol. 54, no. 7, pp.168-175, July 2016.

E. Basar, M. Wen, R. Mesleh, M. Di Renzo, Y. Xiao, and H. Haas, “Index modulation techniques for next-generation wireless networks,” IEEE

Access, vol. 5, pp. 16693-16746, Sep. 2017.

S. Sugiura, T. Ishihara, and M. Nakao, “State-of-the-art design of index modulation in the space, time, and frequency domains: Benefits and

fundamental limitations,” IEEE Access, vol. 5, pp. 21774-21790, Nov. 2017.
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Index Modulation Types

Traditional digital modulation schemes rely on the modulation of the
amplitude/phase/frequency of a sinusoidal carrier signal for
transmission, as widely considered in the field of communications over
the past 50 years
→ crowded and inefficient signal constellations.

IM systems provide alternative ways to transmit information!

IM schemes have the ability to map information bits by altering the
on/off status of their transmission entities:

→ transmit antennas
→ subcarriers
→ radio frequency (RF) mirrors
→ transmit LEDs
→ relays
→ modulation types

→ time slots
→ precoder matrices
→ dispersion matrices
→ spreading codes
→ signal powers
→ loads
→ ...
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Advantages of IM Techniques

Inherent flexibility with the adjustable number of active transmit entities.

The ability to transfer the saved transmission energy from the inactive
transmit entities to the active ones to obtain an improved error
performance.

The ability to convey information in a more energy-efficient way by
deactivating some of the main elements of the system, while still
exploiting them for data transferring purposes.

An increased spectral efficiency without increasing the hardware
complexity due to employment of new dimensions for conveying digital
information.

Mitigation of some undesirable transmission effects, such as high
inter-channel/transmit entity interference and stringent inter-transmit
entity synchronization, due to the deactivation of a subset of the
available transmit entities.

Remark

IM can be a remedy for the flexibility requirements of beyond 5G.
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Surge of IM techniques

Every communication system can be theoretically considered as a special
case of IM!

However, the term of IM is explicitly used to cover the family of
communication systems that consider other transmit entities than
amplitudes/frequency/phases to convey information.

The introduction of spatial modulation (SM) and orthogonal frequency
division multiplexing with index modulation (OFDM-IM) concepts in
2008 and 2013
→ started a new wave of alternative digital modulation schemes.

As of today, this wave is increasingly spreading and speeding up.

R. Y. Mesleh, H. Haas, S. Sinanovic, C. W. Ahn, and S. Yun, “Spatial modulation,” IEEE Trans. Veh. Technol., vol. 57, no. 4, pp. 2228-2241,

Jul. 2008.

E. Basar, U. Aygolu, E. Panayirci, and H. V. Poor, “Orthogonal frequency division multiplexing with index modulation,” IEEE Trans. Signal

Process., vol. 61, no. 22, pp. 5536-5549, Nov. 2013.
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Industrial Potential of IM

Although IM techniques have received tremendous academic interest
since the beginning of this decade, major industrial partners and leading
5G initiatives have realized their undeniable potential very recently.

Samsung Electronics conducted a 5G prototype trial in Nov. 2016 and
validated the performance of spatial modulation (SM), which is by far
the most popular form of IM.

During 3GPP RAN1#87 meeting in Nov. 2016 and 3GPP TSG RAN
WG1 NR Ad-Hoc Meeting in Jan. 2017, InterDigital Communications
has proposed that SM can be further evaluated for 5G NR.

At the IEEE 5G Roadmap Workshop (co-located with IEEE Int. Conf.
Commun. 2017 (ICC 2017) in May 2017), SM has been regarded as one
of emerging wireless paradigms along with mmWave mobile, full-duplex
(FD) wireless, and massive MIMO systems.

Nov. 2016: Samsung Successfully Conducts 5G Prototype Trial with China Mobile Communication Corporation.

http://www.samsung.com/global/business/networks/insights/news/samsung-successfully-conducts-5g-prototype-trial-with-china-mobile-

communication-corporation

“(InterDigital Communications) Evaluation of spatial modulation with spatial correlation and imperfect channel estimation,” 3GPP TSG RAN

WG1 Meeting #87 R1-1612658, Nov. 2016. http://www.3gpp.org/ftp/TSG RAN/WG1 RL1/TSGR1 87/Docs/R1-1612658.zip.
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Block diagram of the SM transceiver for an nT × nR MIMO system. s (or ŝ) and

I (or Î) ∈ {1, 2, . . . , nT } denote the selected (or estimated) M -ary constellation symbol and transmit

antenna index, respectively and mn, n = 1, 2, . . . , nT is the minimum metric provided by the nth

SIMO ML detector.
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Studies on SM

The first studies on SM concept date back to the beginning of 2000s
where different terminologies were used by researchers.

After the inspiring works of Mesleh et al. and Jeganathan et al.,
numerous papers on SM have been published.

Some studies on SM:
→ Generalized, spectrum-, and energy-efficient variations of SM
→ Low-complexity detector types
→ Block/trellis coded SM systems with transmit/time diversity
→ Adaptive modulation, transmit antenna selection and precoding
→ Performance analysis for different fading channel types
→ Performance analysis under hardware impairments
→ Differential SM systems
→ Cooperative SM systems and so on.

M. Di Renzo, H. Haas, A. Ghrayeb, S. Sugiura, and L. Hanzo, “Spatial modulation for generalized MIMO: Challenges, opportunities, and

implementation,” Proc. IEEE, vol. 102, no. 1, pp. 56–103, Jan. 2014.

P. Yang, M. Di Renzo, Y. Xiao, S. Li, and L. Hanzo, “Design guidelines for spatial modulation,” IEEE Commun. Surveys Tuts., vol. 17, no. 1,

pp. 6-26, First Quart. 2015.

E. Basar, M. Wen, R. Mesleh, M. Di Renzo, Y. Xiao, and H. Haas, “Index Modulation Techniques for Next-Generation Wireless Networks,” IEEE

Access, vol. 5, pp. 16693-16746, Sep. 2017.
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Space Shift Keying (SSK)

The simplest form of the family of space modulation techniques.

In SSK system, data are transmitted through spatial constellation
symbols only.

SSK scheme requires no RF chains at the transmitter and the
transmitter can be entirely designed through RF switches.

Since no information is modulated on the carrier signal, it can be
generated once and stored for further use in all other transmissions.

Spectral efficiency (bpcu) : log2(nT )

R.Mesleh, O. Hiari, A. Younis, and S. Alouneh, “Transmitter design and hardware considerations for different space modulation techniques,” IEEE

Trans. Wireless Commun., vol. 16, no. 11, pp. 7512–1722, Nov. 2017.
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Space-Time Block Coded Spatial Modulation (STBC-SM)
826 IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 59, NO. 3, MARCH 2011
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Fig. 1. Block diagram of the STBC-SM transmitter.

CGD between any two interfering codewords from 𝜒1 and
𝜒2. Without loss of generality, assume that the interfering
codewords are chosen as

X1𝑘 =
(
x1 x2 02×(𝑛𝑇−2)

)

X2𝑙 =
(
02×1 x̂1 x̂2 02×(𝑛𝑇−3)

)
𝑒𝑗𝜃 (8)

where X1𝑘 ∈ 𝜒1 is transmitted and X̂1𝑘 = X2𝑙 ∈ 𝜒2

is erroneously detected. We calculate the minimum CGD
between X1𝑘 and X̂1𝑘 from (3) as

𝛿min(X1𝑘, X̂1𝑘)
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where 𝜅 =
∑2

𝑖=1

(
∣𝑥𝑖∣2 + ∣𝑥̂𝑖∣2

)
. Although maximization of

𝛿min(X1𝑘, X̂1𝑘) with respect to 𝜃 is analytically possible for
BPSK and quadrature phase-shift keying (QPSK) constella-
tions, it becomes unmanageable for 16-QAM and 64-QAM
which are essential modulation formats for the next generation
wireless standards such as LTE-advanced and WiMAX. We
compute 𝛿min(X1𝑘, X̂1𝑘) as a function of 𝜃 ∈ [0, 𝜋/2] for
BPSK, QPSK, 16-QAM and 64-QAM signal constellations
via computer search and plot them in Fig. 2. These curves
are denoted by 𝑓𝑀 (𝜃) for 𝑀 = 2, 4, 16 and 64, respectively.
𝜃 values maximizing these functions can be determined from
Fig. 2 as follows:
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Case 2 - 𝑛𝑇 > 4: In this case, the number of codebooks, 𝑛,
is greater than 2. Let the corresponding rotation angles to be
optimized be denoted in ascending order by 𝜃1 = 0 < 𝜃2 <
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Fig. 2. Variation of 𝛿min (𝜒) given in (9) for BPSK, QPSK, 16-QAM and
64-QAM (𝑓2 (𝜃), 𝑓4 (𝜃), 𝑓16 (𝜃) and 𝑓64 (𝜃)).

𝜃3 < ⋅ ⋅ ⋅ < 𝜃𝑛 < 𝑝𝜋/2, where 𝑝 = 2 for BPSK and 𝑝 = 1 for
QPSK. For BPSK and QPSK signaling, choosing

𝜃𝑘 =

{
(𝑘−1)𝜋

𝑛 , for BPSK
(𝑘−1)𝜋

2𝑛 , for QPSK
(10)

for 1 ≤ 𝑘 ≤ 𝑛 guarantees the maximization of the minimum
CGD for the STBC-SM scheme. This can be explained as
follows. For any 𝑛, we have to maximize 𝛿min (𝜒) as

max 𝛿min (𝜒) = max min
𝑖,𝑗,𝑖∕=𝑗

𝛿min (𝜒𝑖, 𝜒𝑗)

= max min
𝑖,𝑗,𝑖∕=𝑗

𝑓𝑀 (𝜃𝑗 − 𝜃𝑖) (11)

where 𝜃𝑗 > 𝜃𝑖, for 𝑗 > 𝑖 and the minimum CGD between
codebooks 𝜒𝑖 and 𝜒𝑗 is directly determined by the difference
between their rotation angles. This can be easily verified from
(9) by choosing the two interfering codewords as X𝑖𝑘 ∈ 𝜒𝑖

and X̂𝑖𝑘 = X𝑗𝑙 ∈ 𝜒𝑗 with the rotation angles 𝜃𝑖 and
𝜃𝑗 , respectively. Then, to maximize 𝛿min (𝜒), it is sufficient
to maximize the minimum CGD between the consecutive
codebooks 𝜒𝑖 and 𝜒𝑖+1, 𝑖 = 1, 2, . . . , 𝑛 − 1. For QPSK
signaling, this is accomplished by dividing the interval [0, 𝜋/2]
into 𝑛 equal sub-intervals and choosing, for 𝑖 = 1, 2, . . . , 𝑛−1,

𝜃𝑖+1 − 𝜃𝑖 =
𝜋

2𝑛
. (12)

The resulting maximum 𝛿min (𝜒) can be evaluated from (11)
as

max 𝛿min (𝜒) = min {𝑓4 (𝜃2) , 𝑓4 (𝜃3) , . . . , 𝑓4 (𝜃𝑛)}
= 𝑓4 (𝜃2) = 𝑓4

( 𝜋

2𝑛

)
. (13)

Similar results are obtained for BPSK signaling except
that 𝜋/2𝑛 is replaced by 𝜋/𝑛 in (12) and (13). We obtain
the corresponding maximum 𝛿min (𝜒) as 𝑓2 (𝜃2) = 𝑓2 (𝜋/𝑛).
On the other hand, for 16-QAM and 64-QAM signaling, the
selection of {𝜃𝑘}’s in integer multiples of 𝜋/2𝑛 would not
guarantee to maximize the minimum CGD for the STBC-SM
scheme since the behavior of the functions 𝑓16 (𝜃) and 𝑓64 (𝜃)

STBC-SM, Four Transmit Antennas (nT = 4 and c = 4)

χ1 = {X11,X12} =
{(

x1 x2 0 0
−x∗2 x∗1 0 0

)
,

(
0 0 x1 x2
0 0 −x∗2 x∗1

)}
χ2 = {X21,X22} =

{(
0 x1 x2 0
0 −x∗2 x∗1 0

)
,

(
x2 0 0 x1
x∗1 0 0 −x∗2

)}
ejθ

E. Basar, U. Aygolu, E. Panayirci, and H. V. Poor, “Space-time block coded spatial modulation,” IEEE Trans. Commun., vol. 59, no. 3, pp.

823-832, Mar. 2011.
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Quadrature Spatial Modulation (QSM)

A clever modification of the classical SM to improve the spectral
efficiency while maintaining its advantages such as operation with single
RF chain and ICI free transmission.

The real and imaginary parts of the complex M -ary data symbols are
separately transmitted using the SM principle.

Spectral efficiency (bpcu): 2log2(nT ) + log2(M)

R. Mesleh, S. Ikki, and H. Aggoune, “Quadrature spatial modulation,” IEEE Trans. Vehicular Tech., vol. 64, no. 6, pp. 2738–2742, Jun. 2015.
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R. Mesleh, H. Elgala, and H. Haas, “Optical spatial modulation,” IEEE/OSA J. Opt. Commun. Netw., vol. 3, no. 3, pp. 234-244,Mar. 2011.

E. Basar, E. Panayirci, M. Uysal, and H. Haas, “Generalized LED index modulation optical OFDM for MIMO visible light communications

systems,” in Proc. IEEE Int. Conf. Commun. (ICC), Kuala Lumpur, Malaysia, May 2016, pp. 1-5.
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Index Modulation for Molecular Communications

M. C. Gursoy, E. Basar, A. E. Pusane, T. Tugcu, “Index Modulation for Molecular Communication via Diffusion Systems”, IEEE Transactions on

Communications (to appear), Feb 2019.
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Orthogonal Frequency Division Multiplexing (OFDM)

OFDM has become the most popular multi-carrier waveform in the past
decade and has been included in LTE (4G), IEEE 802.11x WLAN, DVB,
and IEEE 802.16e-WiMAX.

The first step towards 5G NR was the PHY design, whose one of the
core components is the waveform → the selection of the corresponding
waveform has paramount importance.

After a long debate on alternative waveforms for the 5G NR, cyclically
prefixed-OFDM (CP-OFDM) has been chosen by 3GPP for both UL and
DL of 5G NR Phase 1 → due to its attractive advantages experienced in
the previous generations.

Intensive research activities are still ongoing for the design and test of
modified OFDM schemes, flexible and mixed numerologies, and
candidate waveforms, such as GFDM, FBMC, and UFDM, for later
phases of 5G.

A. A. Zaidi and R. Baldemair. (2017, May). In the race to 5G, CP-OFDM triumphs! Available:

https://www.ericsson.com/research-blog/in-race-to-5g-cp-ofdm-triumphs/
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OFDM with Index Modulation (OFDM-IM)

IM concept for OFDM subcarriers.

OFDM-IM is a novel multicarrier transmission scheme that has been
proposed by inspiring from the IM concept of SM.

Similar to SM, the incoming bit stream is split into subcarrier index
selection and M -ary constellation bits.

Only a subset of available subcarriers are selected as active, while the
remaining inactive subcarriers are not used and set to zero.

The information is conveyed not only by the data symbols as in classical
OFDM, but also by the indices of the active subcarriers, which are used
for the transmission of the corresponding data symbols.

E. Basar, U. Aygolu, E. Panayirci, and H. V. Poor, “Orthogonal frequency division multiplexing with index modulation,” IEEE Trans. Signal

Process., vol. 61, no. 22, pp. 5536-5549, Nov. 2013.
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OFDM-IM Transceiver
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Advantages of OFDM-IM

OFDM-IM provides an interesting trade-off between error performance
and spectral efficiency. Unlike classical OFDM, the number of active
subcarriers of an OFDM-IM scheme can be adjusted accordingly to
reach the desired spectral efficiency and/or error performance.

OFDM-IM can provide better BER performance than classical OFDM for
low-to-mid spectral efficiency values.

OFDM-IM exhibits comparable decoding complexity using the
near-optimal LLR detector.

Due to inactivation of some of the available subcarriers, OFDM-IM
reduces the peak-to-average power ratio (PAPR) and is more robust to
inter-carrier interference (ICI).

OFDM-IM is also well-suited to MIMO, MU and high mobility setups as
well as to optical wireless, vehicular, machine-to-machine (M2M),
device-to-device (D2D) and underwater acoustic (UWA) communication
systems.
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Recent Advances in OFDM-IM

Subcarrier IM concept for OFDM has attracted significant attention
from the researchers in recent times.

It has been investigated in some up-to-date studies which deal with

X Generalization, enhancement and optimization of OFDM-IM
X Error performance and capacity analysis
X Diversity methods and integration to MIMO systems
X Its adaptation to different wireless environments (V2X, D2D, OWC, IoT)
X PAPR/ICI/CFO issues
X Low-complexity detection
X Coded realizations
X Extensions (code IM, precoder IM,

DCT-OFDM/GFDM/FBMC/SC-FDE/FTN/CSK with IM)
X Other applications (channel division multiple access, active device

identification in compressive random access, storing information in flash
memories, and parallel Gaussian channels)

E. Basar, M. Wen, R. Mesleh, M. Di Renzo, Y. Xiao, and H. Haas, “Index Modulation Techniques for Next-Generation Wireless Networks,” IEEE

Access, vol. 5, no. 1, pp. 16693-16746, Sep. 2017.
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Generalized OFDM-IM Schemes

Two generalized OFDM-IM schemes (OFDM-GIM-I and OFDM-GIM-II)
have been proposed.
In OFDM-GIM-I scheme, the number of active subcarriers are no longer
fixed and it is also determined according to the information bits to
transmit more bits per subblock compared to OFDM-IM.
The OFDM-GIM-II scheme aims to further improve the spectral
efficiency by applying IM independently for I/Q components of the
complex data symbols similar to the QSM scheme.
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R. Fan, Y. Yu, and Y. Guan,“Generalization of orthogonal frequency division multiplexing with index modulation,” IEEE Trans Wireless Commun.,

vol. 14, no. 10 pp 5350-5359, Oct. 2015.
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Coordinate Interleaved OFDM-IM

Exploits the diversity potential of the plain OFDM-IM scheme by
integrating the principle of coordinate interleaved orthogonal designs
(CIODs) to OFDM-IM.

Its main idea is to distribute the real and imaginary parts of a complex
data symbol over two active subcarriers of the OFDM-IM scheme to
obtain additional diversity gain.
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E. Basar, “OFDM with index modulation using coordinate interleaving,” IEEE Wireless Commun. Lett., vol. 4, no. 4, pp. 381-384, Aug. 2015.
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From SISO-OFDM-IM to MIMO-OFDM-IM

The first studies on OFDM-IM generally focused on point-to-point
single-input single-output (SISO) systems, which can be unsuitable for
some applications due to their limited spectral efficiency.

MIMO transmission and OFDM-IM principles are combined to further
boost the spectral and energy efficiency of the OFDM-IM scheme.
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E. Basar, “Multiple-input multiple-output OFDM with index modulation,” IEEE Signal Process. Lett., vol. 22, no. 12, pp. 2259-2263, Dec. 2015.

E. Basar, “On multiple-input multiple-output OFDM with index modulation for next generation wireless networks,” IEEE Trans. Signal Process.,

vol. 64, no. 15, pp. 3868-3878, Aug. 2016.

E. Basar, “Multiple-Input Multiple-Output Orthogonal Frequency Division Multiplexing with Index Modulation”, US Patent, US 9,960,831 B2,

May 2018.
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Dual Mode OFDM-IM (DM-OFDM-IM)

The concept of DM-OFDM-IM is a clever solution to overcome the
spectral efficiency limitation of OFDM-IM by activating all subcarriers
while still exploiting IM.
All subcarriers are modulated and the index information is carried by the
signal constellations assigned to the subcarrier groups.
Two distinguishable signal constellations, a primary and a secondary
constellation, are determined to transmit the data symbols from the
active and inactive subcarriers of the OFDM-IM scheme, respectively.
Multiple-mode OFDM-IM (MM-OFDM-IM) is proposed later by using
the full permutation of modes to convey a higher number of IM bits.

BASAR et al.: INDEX MODULATION TECHNIQUES FOR NEXT-GENERATION WIRELESS NETWORKS 37

through ordinary modulation. As a result, the BER advantage
of OFDM-IM over classical OFDM diminishes with increasing
spectral efficiency values. This can be understood by clearly
examining (8), which shows that the percentage of IM bits
reduces by increasing modulation orders. As an example, to
achieve the same spectral efficiency as that of classical OFDM,
one can set K = N−1 and N =M , for which the percentage
of IM bits compared to the total number of bits becomes 100

M %
and this limits the inherent advantages of OFDM-IM since
the bits transmitted with IM have a higher order protection
than ordinary modulation bits. In order to transmit a maximum
number of bits with IM, one can select K = N/2; however, in
this case, the spectral efficiency of OFDM-IM cannot compete
with that of classical OFDM for the same modulation order
in most cases.

The concept of DM-OFDM is a clever solution to overcome
the spectral efficiency limitation of OFDM-IM by activating
all subcarriers while still exploiting IM [31]. In DM-OFDM
scheme, all subcarriers are modulated and the index infor-
mation is carried by the signal constellations assigned to the
subcarrier groups. Two distinguishable signal constellations, a
primary and a secondary constellation, are determined to trans-
mit the data symbols from the active and inactive subcarriers of
the OFDM-IM scheme, respectively. In other words, OFDM-
IM becomes the special case of DM-OFDM if the secondary
constellation contains a single element that is zero. Denoting
the sizes of the primary and secondary constellations with M1

and M2, respectively, for each DM-OFDM block,

m̃ = p̃G

=

(⌊
log2

(
N
K

)⌋
+Klog2M1 + (N −K)log2M2

)
G

(13)

bits can be transmitted, where p̃ is the number of bits per
DM-OFDM subblock and G is the number of DM-OFDM
subblocks, N is the number of subcarriers in a subblock
similar to OFDM-IM with N = NF /G and K is the
number of subcarriers modulated by considering the primary
constellation. It should be noted that by letting M2 = 1 in
(13), that is, by not modulating the second group of subcarriers
and leaving them empty, the number of bits transmitted in a
DM-OFDM block becomes the same as that of OFDM-IM
given in (8). In Table VIII, subblock structures of OFDM-IM
and DM-OFDM schemes are given for N = 4 and K = 2,
where s1 and s2 are the elements of a primary constellation S
while s̃1 and s̃2 are the elements of a secondary constellation,
which can be easily obtained by the rotation of the primary
constellation as Sejθ. As seen from Table VIII, DM-OFDM
activates all of the available subcarriers and obtains an increase
of 2 log2M bits per subblock compared to OFDM-IM for the
same constellation size (M =M1 =M2).

It has been shown by computer simulations that DM-OFDM
scheme can achieve a better BER performance than other
OFDM-IM variants by using a near-optimal LLR calculation-
based detector. Recently, a generalized DM-OFDM (GDM-
OFDM) scheme is proposed [37]. In this scheme, the num-
ber of subcarriers modulated by the primary and secondary
constellations also changes according to the information bits

TABLE VIII
SUBBLOCK STRUCTURES OF OFDM-IM AND DM-OFDM SCHEMES FOR

N = 4 AND K = 2

IM bits OFDM-IM Subblocks DM-OFDM Subblocks

[0 0]
[
s1 0 s2 0

] [
s1 s̃1 s2 s̃2

]

[0 1]
[
0 s1 0 s2

] [
s̃1 s1 s̃2 s2

]

[1 0]
[
s1 0 0 s2

] [
s1 s̃1 s̃2 s2

]

[1 1]
[
0 s1 s2 0

] [
s̃1 s1 s2 s̃2

]

to further improve the spectral efficiency with a marginal
performance loss. A low-complexity LLR calculation-based
detector is also proposed for this generalized DM-OFDM
scheme and the trade-off it provides between the spectral
efficiency and error performance has been demonstrated by
computer simulations. Even more recently, the scheme of
multiple-mode OFDM-IM (MM-OFDM-IM) is proposed in
[42] by using the full permutation of modes to convey a higher
number of IM bits.

E. OFDM-IM Solutions for MIMO Systems

MIMO friendliness has become one of the most important
requirements of new generation waveform designs due to
the continuously increasing demand for higher data rates as
well as QoS. In other words, a competitive waveform must
be easily adapted to MIMO setups while providing reliable
error performance with a reasonable encoding/decoding com-
plexity. The scheme of MIMO-OFDM-IM has been proposed
in [48] by modifying the plain SISO-OFDM-IM framework
to operate over MIMO frequency selective channels [431].
The transceiver structure of the MIMO-OFDM-IM scheme is
shown in Fig. 20. As seen from Fig. 20, the transmitter of
the MIMO-OFDM-IM scheme is obtained by parallel concate-
nation of nT OFDM-IM transmitters. From this perspective,
MIMO-OFDM-IM can be regarded as the combination of
SMX (V-BLAST) and OFDM-IM schemes. Consequently, the
spectral efficiency of MIMO-OFDM-IM becomes nT times as
that of plain OFDM-IM.

The transmitter of MIMO-OFDM-IM accepts mnT bits at
the input, where m is the number of bits transmitted by an
OFDM-IM block (frame). The resulting OFDM-IM blocks xt
are then interleaved to obtain x̃t for t = 1, 2, . . . , nT and
transmitted after NF -IFFT operation and CP insertion. At the
receiver, the simultaneously transmitted OFDM-IM frames are
separated by employing different type of detectors. First, CP
removal is performed at each branch of the receiver followed
by NF -FFT and block deinterleaving. Then, the received
signals yr, r = 1, 2, . . . , nR are separated considering the
subblocks of the OFDM-IM blocks as ygr for r = 1, 2, . . . , nR
and g = 1, 2, . . . , G. The optimum but high complexity ML
detector searches for all subblock realizations of nT transmit
antennas jointly. On the other hand, using a low-complexity
MMSE detection and LLR calculation-based detector, which
performs sequential MMSE filtering to perform the detection
of OFDM-IM subblocks at each branch of the transmitter and

T. Mao, Z. Wang, Q. Wang, S. Chen, and L. Hanzo, “Dual-mode index modulation aided OFDM,” IEEE Access, vol. 5, pp. 50-60, Feb. 2017.

M. Wen, E. Basar, Q. Li, B. Zheng, and M. Zhang, “Multiple-mode orthogonal frequency division multiplexing with index modulation,” IEEE

Trans. Commun., vol. 65, no. 9, pp. 3892-3906, Sep. 2017.
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BER Performance of DM-OFDM-IM and MM-OFDM-IM

Performance comparison between classical OFDM with QPSK, “OFDM-IM (4,3), QPSK”, “DM-OFDM

(4,2), BPSK”, and “MM-OFDM-IM (2,4), PSK/QAM”.
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Reconfigurable Antennas: A New Frontier for IM

IM can be also implemented for the RF mirrors of an RA.

An RF mirror is an RA element that contains a PIN diode, which can be
turned on or off according to the information bits to alter the radiation
pattern of an RA.

Media-based modulation (MBM), which can be implemented by RAs,
offers a completely new dimension for the transmission of digital
information: the realizations of wireless channels themselves.

Antenna
state selector

M-ary
modulator

(mixer & PA)

N
bits

log2M
bits

Wireless channel

MBM
receiver

...1

...N
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...
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bits
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SISO-MBM transceiver equipped with a transmit RA that contains N RF mirrors.

A. K. Khandani, “Media-based modulation: A new approach to wireless transmission,” in Proc. IEEE Int. Symp. Inf. Theory, Istanbul, Turkey,
Jul. 2013, pp. 3050-3054.

E. Basar, “Media-Based Modulation for Future Wireless Systems: A Tutorial,” IEEE Wireless Communications (to appear), Mar. 2019.
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The Concept of Media-Based Modulation

A simple RA simulation model for MBM, its front view with two ideal metal
tabs at lower horizontal connections, and the corresponding four antenna

states obtained by altering the status of these two metal tabs.

Generated four different radiation patterns that can be used in transmission
of two bits: (a) State 1, (b) State 2, (c) State 3, (d) State 4.
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Advantages of MBM

SIMO-MBM scheme is able to create a virtual MIMO system by using
only a single RA supported by a single RF chain.

Spectral efficiency of MBM increases linearly with the number of
parasitic elements (RF mirrors) mounted in RA.

Spectral efficiency of the MBM scheme can be significantly boosted by
MIMO operation.

MBM provides a significantly better error performance compared to
traditional M -ary modulated systems since the Euclidean distance
between MBM constellation points, which are random fade realizations,
remains the same even with increasing spectral efficiency values.

The inherent sparsity in the signal model of MBM schemes enables the
use of compressed sensing-based detectors.
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Disadvantages of MBM

In order to obtain channel state information (CSI), the receiver has to be
trained with pilot signals from all possible antenna states.

The design of RAs that can support a high number of sufficiently
different radiation patterns is not a straightforward task.

Radiation-related parameters have to be carefully monitored to ensure
that effective communication is possible with all generated radiation
patterns.

The possible high correlation among different radiation patterns (fade
realizations) may become the Achilles’ heel of MBM-based systems by
limiting the achievable performance.

Similar to all IM-based schemes, the performance of MBM is not
satisfactory for a small number of receive antennas, particularly, for a
single receiving antenna.
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BER Performance of MBM Schemes

SNR per bit (dB)
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BER Performance of MBM Schemes-II

SNR per bit (dB)
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MIMO-Aided MBM Schemes

To reduce the implementation complexity associated with the
transmitter hardware and training overhead, spatial multiplexing-aided
MIMO-MBM is introduced.
MBM is also combined with generalized SM (GSM), space shift keying
(SSK) and quadrature SM (QSM), and promising results reported with a
simple MIMO implementation using a single RF chain.

YILDIRIM et al.: QCM 791

Fig. 1. Block diagram of the QCM-I/II schemes for an Nr × Nt MIMO system (The terms in parentheses are valid for the QCM-II scheme).

II. QUADRATURE CHANNEL MODULATION

In this section, we introduce the concept of QCM as well
as provide design examples. Three novel QCM schemes are
proposed by considering a MIMO system with Nr receive and
Nt transmit antennas that employs Q-ary quadrature ampli-
tude modulation (Q-QAM). Furthermore, each TA is equipped
with M RF mirrors, which are used to create different channel
realizations according to the information bits.

i) QCM-I Scheme: The system model of the QCM-I scheme
is shown in Fig. 1. As seen from Fig. 1, this scheme is obtained
by the direct combination of QSM and MBM principles.
A total of

η = log2(Q)+ 2log2(Nt)+M (1)

bits enter the transmitter of the QCM-I scheme per channel
use. Similar to the QSM scheme, the first log2(Q) bits of the
incoming bit sequence are used for ordinary Q-QAM, while
the subsequent 2log2(Nt) bits select the indices (l� and l�) of
TAs for the transmission of in-phase and quadrature compo-
nents of the selected Q-QAM symbol x. However, the last M
bits are reserved for the selection of the active channel state
(k), which is the same for all possible activated TAs of the
QCM-I scheme. In other words, the QCM-I scheme extends
the ordinary QSM into a third dimension, which is the dimen-
sion of channel states, to transmit additional information bits.
In the following, we give an example for the operation of the
QCM-I scheme.

Example 1: We consider the following system parameters:
Nt = Nr = 4, Q = 16, M = 2 and η = 10 bits per channel
use (bpcu). Assume that the input bits are grouped as follows:

q = [ 1 0 0 1
︸ ︷︷ ︸

log2(Q)

1 1
︸︷︷︸

log2(Nt)

1 0
︸︷︷︸

log2(Nt)

0 1
︸︷︷︸

M

]. (2)

The first log2(Q) = 4 bits (
[

1 0 0 1
]

) are modulated to
obtain the 16-QAM symbol x = 3 + j. This data symbol is
partitioned into its real and imaginary components as x� = +3
and x� = +1. Then, the next log2(Nt) = 2 bits (

[

1 1
]

) deter-
mine the antenna index l� = 4 over which the real component
x� will be transmitted. Similarly, the following log2(Nt) = 2
bits (

[

1 0
]

) select the antenna index l� = 3 over which the
imaginary component x� will be transmitted. Finally, the last
M bits select the second channel state (k = 2), which cor-
responds to the following on/off status of the available RF

mirrors for both activated TAs: 1st RF mirror → off and 2nd
RF mirror → on.

ii) QCM-II Scheme: This scheme is proposed to further
improve the spectral efficiency of the QCM-I scheme by ensur-
ing that the real and imaginary components of the complex
data symbols are not only transmitted from different TAs but
also with two independent channel state realizations, which
doubles the number of RF mirror bits. In order to perform
two independent channel state selections (k� and k�) for the
QCM-II scheme, first, the set of available TAs is split in half
into two groups and an antenna index l� is selected for x� from
all available TAs without considering these groups. However,
to activate a different antenna and perform a second chan-
nel state selection for x�, the group associated with l� is not
considered for l�. The reason for this adaptive selection is
to transmit more number of IM bits via TA indices as seen
from Fig. 1. As a result, the spectral efficiency of the QCM-II
scheme becomes

η = log2(Q)+ log2(Nt)+ log2(Nt/2)+ 2M bpcu. (3)

iii) QCM-III Scheme: This QCM scheme is inspired from
the QCM-I scheme; however, it owns a reserved TA as in [15],
which is employed instead of the selected TA of x� to inde-
pendently perform active channel state selection for x� and
x�, similar to the QCM-II scheme. On the other hand, due
to the utilization of a reserved TA, there is no need for TA
partitioning as in the QCM-II scheme, and a higher spectral
efficiency can be obtained by considering two parallel virtual
SM-MBM schemes for both x� and x� as shown in Fig. 2.
Consequently, the spectral efficiency of this scheme becomes

η = log2(Q)+ 2log2(Nt)+ 2M bpcu. (4)

Example 2: We consider the following system parameters:
Nt = 4, a reserved TA, Nr = 4, Q = 4, M = 2 and η = 10
bpcu. Assume that the input bits are grouped as follows:

q = [ 1 1
︸︷︷︸

log2(Q)

1 0
︸︷︷︸

log2(Nt)

1 0
︸︷︷︸

log2(Nt)

0 1
︸︷︷︸

M

1 1
︸︷︷︸

M

]. (5)

The first log2(Q) = 2 bits (
[

1 1
]

) are modulated to obtain
the 4-QAM symbol x = 1 − j, which is decomposed into its
real and imaginary components as x� = 1 and x� = −1.
Then, the subsequent log2(Nt) = 2 bits (

[

1 0
]

) determine
the antenna index l� = 3 over which the real component
x� will be transmitted. For x�, the reserved TA is employed

E. Seifi, M. Atamanesh, and A. K. Khandani, “Media-based MIMO: A new frontier in wireless communication,” Oct. 2015.

Y. Naresh and A. Chockalingam, “On media-based modulation using RF mirrors,” IEEE Trans. Veh. Technol., vol. 66, no. 6, pp. 4967–4983,

June 2017.

Z. Bouida, H. El-Sallabi, A. Ghrayeb, and K. A. Qaraqe, “Reconfigurable antenna-based space-shift keying (SSK) for MIMO Rician channels,”

IEEE Trans. Wireless Commun., vol. 15, no. 1, pp. 446–457, Jan. 2016.

I. Yildirim, E. Basar, and I. Altunbas, “Quadrature channel modulation,” IEEE Wireless Commun. Lett., vol. 6, no. 6, pp. 790–793, Dec. 2017.
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Space-Time Channel Modulation (STCM)

Although MBM exhibits appealing advantages, such as improved error
performance and significant energy savings with using fewer transmit
antennas compared to classical modulation schemes, plain MBM scheme
cannot provide transmit diversity.

In order to overcome this main limitation of MBM/RA systems, the
scheme of STCM is proposed by exploiting both space, time and channel
states domains.
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E. Basar and I. Altunbas, “Space-time channel modulation,” IEEE Trans. Veh. Technol., vol. 66, no. 8, pp. 7609-7614, Aug. 2017.

E. Basar and I. Altunbas, “Space-Time Channel Modulation” (pending), PCT Patent Appl. Number: PCT/TR2016/050353, Sep. 2016.
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Multi-Dimensional Index Modulation

Multi-dimensional IM concept is presented by considering the broad
applicability of IM techniques.

Time-indexed MBM, SM-MBM and time-indexed SM-MBM
(TI-SM-MBM) schemes are introduced.

Additionally, load modulation schemes are investigated by modulating
the antenna impedances that control the antenna currents.

and transmit antennas are indexed, 2) time-indexed media-
based modulation (TI-MBM), where time slots and RF mirrors
are indexed, 3) spatial modulation–media-based modulation
(SM-MBM), where transmit antennas and RF mirrors are in-
dexed, and 4) time-indexed SM-MBM (TI-SM-MBM), where
time slots, transmit antennas, and RF mirrors are indexed
simultaneously. We also propose efficient signal detection
schemes that use compressive sensing based reconstruction
algorithms that exploit the sparsity that is inherently present
in the signal vectors of these schemes. It is found that, for a
given rate, improved performance can be achieved when more
transmission entities are indexed.

Recently, the concept of load modulation arrays is getting
recognized as a promising approach to realizing massive
antenna arrays with low RF front-end hardware complexity
[30],[31]. It eliminates the need for traditional RF upcon-
version modules (superheterodyne or zero-IF) consisting of
DACs, mixers, and filters, and requires only one transmit
power amplifier (PA) for any number of transmit antennas.
It achieves this by directly varying (‘modulating’) the antenna
impedances (load impedances) that control the antenna cur-
rents. While the RF complexity advantages of this modulation
scheme have been articulated well recently, its performance
aspects need more investigations. In this light, we investigate
the potential role that indexing can play in improving perfor-
mance. Our results are positive in this regard. In particular, we
investigate indexed load modulation schemes, where we index
space and time. Our performance results show that spatial
indexing and time indexing in load modulated multiantenna
systems can achieve improved performance.

The rest of the paper is organized as follows. Multidimen-
sional modulation schemes that index antennas, time slots, and
RF mirrors are presented in Sec. II. Compressive sensing based
algorithms for detection of multidimensional index modulation
signals are presented in Sec. III. Indexed load modulation
schemes are presented in Sec. IV. Conclusions are presented
in Sec. V.

II. MULTIDIMENSIONAL INDEX MODULATION SCHEMES

In this section, we consider multidimensional index modu-
lation schemes in which combinations of antennas, time slots,
and RF mirrors are indexed simultaneously. The considered
schemes include 1) TI-SM scheme, where time slots and
transmit antennas are indexed, 2) TI-MBM scheme, where
time slots and RF mirrors are indexed, 3) SM-MBM scheme,
where transmit antennas and RF mirrors are indexed, and 4)
TI-SM-MBM scheme, where time slots, transmit antennas, and
RF mirrors are indexed simultaneously. Figure 1 shows the
generalized block diagram of the multidimensional index mod-
ulation scheme. The notations for various system parameters
used throughout the paper are listed in Table I.

A. Time-indexed spatial modulation (TI-SM)

In TI-SM, indexing is done across time and space (i.e.,
across time slots and antennas) [33]. The TI-SM scheme
has nt transmit antennas and one transmit RF chain. Figure

Fig. 1. Multidimensional index modulation scheme.

nt Number of transmit antennas
nr Number of receive antennas
mrf Number of RF mirrors per transmit antenna

M , 2
mrf Number of possible mirror activation patterns (MAP)

nL Number of load modulation transmit units (LM-TU)
nK Number of active LM-TUs
nM Number of vectors in the load modulation alphabet
N Length of the data part of a frame in no. of time slots
K Number of active time slots per frame
L Number of multipaths
M Conventional modulation alphabet
T Set of all valid time-slot activation patterns (TAP)
L Set of all valid LM-TU activation patterns (LAP)
tx TAP corresponding to signal vector x
qx LAP corresponding to signal vector x
Ssm Spatial modulation (SM) signal set
Smbm Media-based modulation (MBM) signal set
Sti-sm Time-indexed SM (TI-SM) signal set
Sti-mbm Time-indexed MBM (TI-MBM) signal set
Ssm-mbm SM-MBM signal set
Sti-sm-mbm TI-SM-MBM signal set

Slm Load modulation (LM) alphabet
Ssi-lm Spatially-indexed LM (SI-LM) alphabet
Sti-lm Time-indexed LM (TI-LM) alphabet
� Achieved rate in bits per channel use (bpcu)

TABLE I

1 specializes to TI-SM if RF mirrors and the RF mirror
control switch are removed. Information bits are conveyed
through time-slot indexing, antenna indexing, and QAM/PSK
symbols. The channel between a transmit-receive antenna pair
is assumed to be frequency-selective with L multipaths. Time-
slot and antenna indexing are done as follows.

1) Time-slot indexing: Time is divided into frames. Each
frame consists of N +L�1 time-slots, where N is the length
of the data part of the frame in number of time slots, and L�1
is the number of time slots used for transmitting cyclic prefix
(CP). Out of N time slots, only K time slots, 1 � K � N , are
used for data transmission. The choice of which K slots among
the N slots are selected for transmission conveys blog2

�
N
K

�c
information bits. These bits are called ‘time index bits’ and
the selected time slots are called ‘active slots’ in the frame.
An N -length pattern of active/inactive status of the slots in a
frame is called a ‘time-slot activation pattern’ (TAP). There
are

�
N
K

�
possible TAPs, of which 2blog2 (

N

K)c are used and they
form the set of valid TAPs.
Example: Consider N = 4;K = 2. We have

�
N
K

�
= 6,

2blog2 (
N

K)c = 4. Out of the six possible TAPs, the following
four TAPs can be taken as the valid TAPs for signaling –

B. Shamasundar, S. Bhat, S. Jacob, and A. Chockalingam, “Multidimensional index modulation in wireless communications,” IEEE Access, vol.

6, pp. 589–604, Feb. 2018.
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Space-Time Media-Based Modulation

A general framework is presented for MBM from the perspective of
space-time coding.
The proposed scheme exploits one of the prominent IM solutions, SSK,
and Hurwitz-Radon family of matrices in order to achieve transmit
diversity gain with a single RF chain.
IEEE TRANSACTIONS ON SIGNAL PROCESSING, VOL. XX, NO. XX, XXX 2018 2
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Fig. 1. System model of ST-MBM scheme.

modulation (ST-MBM), is presented by cleverly combining
the Hurwitz-Radon family of matrices [21] with the MBM
transmission approach. The proposed ST-MBM scheme is
the first STBC-based scheme that achieves transmit diversity
gains by using a single radio frequency (RF) chain with
a significantly lower receiver complexity. Theoretical error
performance analysis of the proposed ST-MBM scheme is
performed and the exact average bit error probability (ABEP)
is derived for correlated and uncorrelated channel fading
conditions. Also, a lower bound is obtained for the mutual
information of the ST-MBM scheme. Through comprehensive
computer simulations, bit error rate (BER) performance of ST-
MBM scheme is compared with the existing state-of-the-art
MIMO concepts in the literature.

The remaining of the paper is organized as follows. The
system model of the proposed ST-MBM scheme is introduced
in Section II. In Section III, theoretical error performance
and capacity analyses of the ST-MBM scheme are performed.
Computer simulation results are presented in Section IV and
the paper is concluded in Section V.

Notation: Bold capital and lowercase letters are used for ma-
trices and vectors, respectively. Transpose and Hermitian trans-
position operators are denoted by (·)T and (·)H , respectively.
Tr(·), rank(·) and det(·) respectively stand for trace, rank and
determinant of a matrix. ‖·‖ stands for Euclidean/Frobenius
norm and vec(·) represents the vectorization operator. The
Gaussian distribution of a random variable x with m mean
and n variance is denoted by CN (m,n). Pr(·) stands for
the probability of an event and E(·) denotes expectation. Q-
function, the entropy function and the Kronecker product are
represented by Q(·), H(·) and ⊗, respectively. Im denotes
m ×m identity matrix and Cm×n represents set of matrices
with m rows and n columns.

II. SPACE-TIME MEDIA BASED MODULATION

An efficient way to compensate the inherent low spectral
efficiency of STBC-based systems is to carry as much infor-
mation as possible via the indices of the building blocks of the
target transmission system, which correspond to the transmit
antennas and RF mirrors for a MIMO-MBM transmission
scheme. Beside these, in the proposed ST-MBM scheme, in
order to further improve the spectral efficiency, information
bits are subdivided into N transmission groups and space-
time coding principle is independently applied to the those
transmission groups.

In Fig. 1, the system model of the proposed ST-MBM
scheme, which achieves transmit diversity by spreading into T
time slots while considering a MIMO configuration with Nt
transmit and Nr receive antennas, is shown. In the ST-MBM
scheme, each transmit antenna is considered to be surrounded
by M RF mirrors, where ON/OFF status of those M RF
mirrors generate 2M different patterns for each of Nt transmit
antennas. As given in Fig. 1, incoming mT information bits
and, at the same time, Nt transmit antennas are subdivided
into N groups, and in each group, mT

N = log2(Nu) +M
bits are transmitted by selecting one of the 2M available
antenna patterns corresponding to the activated one of Nu
transmit antennas, where Nu = Nt/N is defined as the
number of transmit antennas in uth transmission group, for
u ∈ {1, 2, . . . , N}. In each transmission group, the first
log2Nu bits of the log2(Nu) +M bit sequence determine
the index of the active transmit antenna among Nu available
transmit antennas, while the following M bits specify the
corresponding antenna pattern of this active antenna. It can be
alternatively expressed that, in each transmission group, one
of the available Pu = Nu2M antenna/pattern combinations is
selected by incoming the log2(Pu) bits. Therefore, the total

Z. Yigit, E. Basar, “Space-time media based modulation,” IEEE Transactions on Signal Processing (to appear), Mar. 2019.



Introduction IM Techniques Spatial Modulation OFDM with IM Media-Based Modulation Large Intelligent Surfaces Conclusions

Unsolved Problems for MBM

For implementation of MBM schemes, novel RA architectures that can
generate a sufficiently high number of antenna states with relatively low
correlation, have to be designed.

The designed RAs have to radiate efficiently for all possible states at the
same frequency band and need to be compact in size for possible MIMO
employment or IoT applications.

Novel SIMO- and MIMO-based MBM transceiver architectures with high
spectral efficiency and/or improved error performance can be designed
for diverse 5G and beyond application categories.

More comprehensive practical implementation campaigns and
measurements over practical setups need to be carried out to assess the
performance of MBM technologies in real-world scenarios.
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Recent Advances and Possible Future Directions for IM

Recent advances in IM applications:

Massive MIMO systems

Multi-user systems

Cooperative networks

Full-duplex systems

NOMA

Energy harvesting

PHY security

Vehicular communications (V2V, V2I)

mm-Wave communications

Waveforms designs: FBMC, GFDM, UFMC, DFT-s-OFDM, DCT-OFDM

Optical wireless communications (VLC, FSO)

Molecular communications

Challenging problems still exist and novel IM-based solutions can be explored
for future wireless systems and standards.
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Open Problems

The design of novel generalized/enhanced/differential IM schemes with
higher spectral and/or energy efficiency, lower transceiver complexity and
better error performance.

The optimization and integration of IM techniques to cooperative,
massive MU-MIMO, FD, spectrum sharing, visible light, M2M, V2X,
D2D communication systems to be employed in 5G and beyond wireless
networks and the design of novel UL/DL/point-to-point transmission
protocols.

Exploration of totally new digital communication schemes for the
application of IM techniques.

The investigation of the potential of IM techniques via practical
implementation testbeds and under real-world conditions.
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Transmission Through Large Intelligent Surfaces

There has been a growing interest in controlling the propagation
environment in order to increase the quality of service for wireless
communications:
i) Media-based modulation
ii) Spatial scattering modulation
iii) Beam index modulation.

On the other hand, large intelligent surfaces/walls/reflect-arrays/
metasurfaces are smart devices that control the propagation environment
with the aim of improving the coverage and signal quality.

It is completely different from existing MIMO, beamforming,
amplify-and-forward relaying and backscatter communication paradigms.

Here, the large number of small, low-cost, and passive elements on a LIS
only reflect the incident signal with an adjustable phase shift without
requiring a dedicated energy source for RF processing, decoding,
encoding, or retransmission.

E. Basar, “Transmission Through Large Intelligent Surfaces: A New Frontier in Wireless Communications,” submitted to EuCNC 2019 (Online:

ArXiv:1902.08463), Feb. 2019.
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Maximum Received SNR Through Intelligent Reflection

Transmission through a LIS in a dual-hop communication scenario
without a line-of-sight path between S and D.

S

LIS

D

hi gi

For hi = αie
−jθi and gi = βie

−jψi , the instantaneous SNR at D:

γ =

∣∣∣
∑N
i=1 αiβie

j(φi−θi−ψi)
∣∣∣
2

Es

N0
. (1)

γ is maximized by eliminating the channel phases with the help of the
LIS-induced phases as φi = θi + ψi for i = 1, . . . , N .
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Performance of LIS-Assisted Communication Systems

With the help of the LIS, the maximized instantaneous received SNR

γ =

(∑N
i=1 αiβi

)2
Es

N0
=
A2Es
N0

. (2)

Under the central limit theorem, we have

E [γ] =

(
N2π2 +N(16− π2)

)
Es

16N0
∝ N2Es

N0
. (3)

Bit error probability (BPSK)

Pe ≤
1

2

(
1

1 + N(16−π2)Es

8N0

)1
2

exp

(
−N2π2Es

16N0

1 + N(16−π2)Es

8N0

)
. (4)

E. Basar, “Transmission Through Large Intelligent Surfaces: A New Frontier in Wireless Communications,” submitted to EuCNC 2019 (Online:

ArXiv:1902.08463), Feb. 2019.
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LIS-Based Scheme vs AWGN Performance
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Increasing the Number of Reflectors
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LIS As an Access Point

LIS

D

gi

cos(2πfct)
RF

The LIS plays the role of an AP (source) in our communication scenario,
however, it is again consists of only low-cost and passive reflector
elements.

The LIS is supported by a near-by RF signal generator or contains an
attachment that transmits an unmodulated carrier signal towards the
LIS.

E. Basar, “Transmission Through Large Intelligent Surfaces: A New Frontier in Wireless Communications,” submitted to EuCNC 2019 (Online:

ArXiv:1902.08463), Feb. 2019.
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LIS-Assisted Index Modulation
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E. Basar, “Large Intelligent Surface-Based Index Modulation: A New Beyond MIMO Paradigm,” IEEE Transactions on Signal Processing (under

review), Apr. 2019.
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Open Problems and Future Directions

Exploration of multiple-antenna nodes, correlated channels, different
fading types, and discrete phase shifts appear as interesting future
research directions.

The extremely low SNR regions of operation may also be a remedy to
the increasing need for advanced channel coding schemes to achieve
ultra-reliable communication.

Potential application of IM for transmit antennas and/or LIS regions
along with other advanced/generalized designs, the design of
low-complexity receiver architectures, and analyses in case of potential
system imperfections, remain as interesting open research problems.
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Our Special Issue at IEEE Journal of Selected
Topics in Signal Processing

Special Issue: Index Modulation for Future Wireless Networks: A Signal Processing Perspective
This Special Issue in IEEE J-STSP aims to capture the state-of-the-art advances in IM concepts and to
collect the latest advances on the signal processing aspects of IM techniques.
Potential topics include, but are not limited to:

Novel signal processing techniques and algorithms for IM-based systems

Signal processing theories for new spectrum opportunities with IM techniques: massive MIMO,
millimeter wave, full-duplex transmission and license assisted access

Design of generalized/enhanced/quadrature/coded/differential IM systems

Novel single/multi-carrier IM systems

Practical implementation and performance analysis of IM systems

Application of IM systems for multi-user and cooperative communication systems

IM techniques for optical wireless communications

Reconfigurable antenna based IM (media-based modulation) schemes

IM-based non-orthogonal multiple access, energy harvesting, and cognitive radio schemes
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Novel signal detection and transceiver design for NOMA

Emerging applications of NOMA in 5G, IoT, V2X, and UAV

Cooperative signal processing for NOMA

Resource allocation and schedule in NOMA networks

Adaptive signal processing algorithms for NOMA

Energy efficiency optimization for NOMA systems

Advanced channel coding and modulation schemes for NOMA

Multiple antenna signal processing techniques for NOMA

Machine learning for NOMA

NOMA in wireless powered communications
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Any Questions?
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