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Abstract—Index Modulation (IM) techniques enable a sig-
nificant Spectral Energy (SE) and/or Energy Efficiency (EE)
enhancement. In this paper, a novel Filter IM domain is being
explored, where a novel scheme Filter Shape Index Modulation
(FSIM) is proposed. In contrast to most existing Single-Input
Single-Output (SISO) IM systems, the proposed scheme achieves
a higher SE/EE gain since it exploits all available time and
frequency resources. The FSIM system transmits any conven-
tional modulation (QAM, PSK,...) while conveying additional
information bits by the index of pulse shaping filter shape.
The optimal joint Maximum Likelihood detector is presented,
and a low complexity optimal detector is proposed. In addition,
an Inter-Symbol Interference (ISI) estimation and cancellation
technique is developed to enable the usage of non-Nyquist filters.
Finally, the results reveal that FSIM has a similar performance
with the two proposed detectors, and it achieves an important
performance gain of up to 6 dB compared to equivalent schemes
of the same SE in AWGN and frequency selective channels.

Index Terms—Index Modulation (IM), Filter Index Modulation
domain, Filter Domain (FD), Filter Shape Index Modulation
(FSIM), pulse-shaping filter, maximum likelihood, matched filter
detector, spectral efficiency, energy efficiency, SISO

I. INTRODUCTION

Beyond 5G wireless communication intends to reach an
ultra-high throughput and/or reduce the energy consumption,
where these requirements differ among the use-cases. Re-
cently, Index Modulation (IM) evolution shows its ability
to knock out the competition on achieving higher Spectral
Efficiency (SE) and/or Energy Efficiency (EE) limits. The
basic idea of IM is the transmission of implicit information
bits by indexing an element (time slot, frequency band, trans-
mit or receive antenna,...) that the receiver can detect. For
instance, the time, frequency, and spatial IM domain have
been explored separately and jointly. In the SISO context,
the time/frequency IM dimensions activate one or more time
slots/frequency bands (sub-carriers) to convey the Virtual Bits
(VBs). However, these schemes sacrifice in some available
time/frequency resources to enable the indexation, and thus
their SE is penalized, especially with high order modulations.
Indeed, this limited SE enhancement and even loss comes with
an important EE gain, which is suitable for low power Internet-
of-Things (IoT) devices.

In the last decade, different schemes of time/frequency
IM domains appeared, where the Pulse Position Modulation

(PPM) [1] can be considered as the first modulation using
only the time-IM. Afterward, a Single Carrier (SC) with time
slots IM (SC-TIM) allowed the activation of more than one
time slots while transmitting an Amplitude-Phase Modula-
tion (APM) symbol [2], similar to the previously proposed
frequency/Sub-carrier IM (SIM) counterparts OFDM-SIM [3],
[4]. The latter is upgraded to achieve higher SE by using either
Quadrature OFDM-SIM with different indexation on the in-
phase (I)/quadrature (Q) components, or the OFDM-Variable
SIM (OFDM-VSIM) with a variable number of activated sub-
carriers [5]. For the same reason, the time IM and frequency
IM are introduced with the non-orthogonal system like Faster-
than-Nyquist SC-FTN-IM [6], and Spectrally efficient Fre-
quency Division Multiplexing (SeFDM)-IM [7], respectively.
Moreover, the modulation type IM that conveys information by
the selected APM is combined with SC-TIM and OFDM-IM to
generate their Dual Mode (DM) version DM-SC-IM [8], DM-
OFDM-IM [9]. With the help of modulation type IM, these
DM schemes overcome the SE limitation in time/frequency
IM by transmitting another distinguishable APM on the non-
activated time slot(s)/frequency band(s).

The spatial IM domain is explored to enhance the SE/EE,
where its combination with low order modulations is a
promising candidate for ultra-high data rates with low power
consumption [10], [11]. However, the spatial IM domain
suffers from important degradation due to spatial correlation
that cannot be completely compensated, especially in highly
correlated channel like in sub-Terahertz bands [12]. In this
paper, a novel IM domain, called Filter IM domain, is explored
by proposing “Filter Shape Index Modulation” (FSIM) scheme
motivated by the advantage of IM combination with low order
SC schemes for ultra-high data rate with low power con-
sumption. The proposed FSIM scheme conveys information
by an APM symbol and an index of a filter shape. In addition,
FSIM provides significant EE gain and it allows achieving the
highest SE gain in SISO and MIMO systems by changing the
indexed pulse shaping filter at the symbol rate and exploiting
all available time/frequency resources.

The rest of the paper is organized as follows. The novel
FSIM transceiver is presented in section II, where different de-
tectors are used, and an ISI cancellation technique is proposed.
A comparison with widely used existing equivalent schemes



is presented in section III. Finally, section IV concludes the
paper.

The notations are as follows: Bold lower case is used for
vectors. The characters * and * denotes the convolution and
cross correlation respectively. CN'(u, o) denotes the complex
normal distribution of a random variable having mean p and
variance o2. |x| ([x]) denotes the floor (ceil) function that
means the largest (smallest) integer less (greater) than or equal
to z. ||.|| stands for the Frobenius norm. E[.] denotes the
expectation.

II. PROPOSED FSIM SYSTEM MODEL
A. FSIM Transmitter

The proposed system considers a SISO transmission mode,
where the binary source information sequence b is divided
into two streams b; and b, as shown in Fig. 1. Bit-stream b,
is mapped by M-ary APM, such as QAM or PSK, etc. The
bit-stream by is encapsulated in the index i of the selected
filter. The selected filter f;[m] of length L samples is then
used as a pulse-shaping filter where m is the sample index
taking values between 0 and L — 1. The filter is truncated in
the time domain to 1 APM symbols and sampled at a rate
of A samples per symbol, yielding L = n.A + 1 samples. L is
restricted to odd in order to have a linear phase filter without
a half-sample period shift.

We assume that there is a filter bank with N distinguishable
filters as shown in Fig. 1 (N is a power of 2). Hence, the
number of bits per FSIM symbol bgspv can be expressed as:

bFSIM = lOgQ(N) + 10g2 (M) (1)

Thus, SE is enhanced by log,(N) over conventional M -ary
APM systems thanks to filter indexation at each symbol period.

The output of the filter bank for the n-th APM complex
symbol ¢,, is denoted by signals s,[m] and given as follows:

sn[m] = (fi, * ) [m] = enfi, [m], 2)

where ¢}, is an up-sampled version of ¢, with factor L and
in € {0,1,...,N — 1} is the filter index selected for the n'"
symbol based on the bit-stream b,.

The signals s, [m] are then passed through the Overlap-Add
(OLA) block as shown in Fig. 1 to generate A\ samples for each
APM symbol. The \ desired samples for the n* APM symbol
¢, are given by x,[p] as follows:

n+|[n/2]

>

n'=n—[n/2]

where the index p = peenter — [A/2] + 1, ..., Deenter + | A/2] and
the index of the middle desired sample iS peenter = L ;1.
Equation (3) can be rewritten in terms of interference as:

zn[p] = snr[p — (0" —n)Al, 3

Xn[p] = I’rln_/g'%/ﬂ+...+I§L—1+sn+IT{1+M+IiH72/J2J_ @

Note that a conventional transceiver with any M-ary APM
schemes can be considered a special case of our proposed
system where all the filters in the bank are all replaced by

the same Nyquist pulse-shaping filter, e.g. Root-Raised Cosine
(RRC). In other words, the proposed system is equivalent to
a conventional transceiver when using the same Nyquist filter
for all symbols. Finally, a frame Xy is created by appending
the Ny FSIM symbols with Nz p zero-prefix symbols (ANzp

samples) (Xy = [01,...,0N,p, X525 s X[N,4n/2]])-
B. FSIM Receiver

The receiver scheme proposed by our approach is repre-
sented in Fig. 1, where the received signal y is expressed in
the time domain as:

y(t) = (hxzp)(t) + o(d), (5)
where h(t) is the impulse response of a multipath frequency-
selective fading channel with J paths and maximum delay
spread of (J—1)Tsym, Where Ty, = AT is the APM symbol
period and T is the sampling period. Note that Nzp > (J —
1) in order to avoid the inter-frame interference. v(t) is an
Additive White Gaussian Noise (AWGN) with zero mean and
variance o2, i.e, CN'(0, 02). The power of transmitted symbols
¢, and the used filters f; are normalized: El||c,||] = 1 and
IE:)|1> = an;lo f2[m] = 1 respectively.

First, the receiver compensates for fading channel distortion
on all received samples containing implicit information from
the selected filter index. For each received frame, the zero-
prefix is eliminated, then a linear equalizer like Minimum
Mean-Square Error-FDE (MMSE-FDE) [13] is used to mit-
igate the channel effect and recover the signal & as depicted
in Fig. 1.

Afterwards, the equalized signal Z is passed to the ISI
estimation and cancellation that removes the controlled ISI
from the filter shapes used. ISI cancellation is required if
the filters used do not meet the Nyquist ISI criterion. The
condition for zero ISI in the AWGN channel is:

(fz * gi)(n-Tsym) = {1 n=0 (6)

0 n#0

for any integer n and ¢ = 1,..., N, where g; is the impulse
response of the MF. Note that when this condition is satisfied,
only one pulse has an effect at an integer multiple of the
symbol period. However, this condition is relaxed in the
proposed system when the target is to enhance the SE of M-
ary APM, and then ISI will occur naturally. Therefore, The
IST cancellation process is required before detecting the APM
symbol and selected filter index. The APM symbol and index
detection can be performed jointly using a joint ML detector or
separately using an MF detector. The The proposed detectors
are described below.

1) Joint ML Detector: The equalized signal Z is fed to the
IST cancellation block, which aims to regenerate the free-ISI
signal § composed of each of the L samples. These signals §
are then fed to the detector to jointly recover the filter index
and transmitted symbols. Detection can be performed using
an ML detector that does an exhaustive search for all possible
APM symbols and filters f; combinations as follows:

i, ¢} = in |8 —f % c||?, 7
{i,e} argfigg/}}gﬂll i cfl (7)
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Fig. 1: System model of the FSIM-based transmitter and receiver with MF-based detector using N filters of length L and
M-ary APM. Note that the detector can be replaced by the joint ML detector.

where 1 and x denote the set of [V filter’s shapes and the M-
ary APM constellation, respectively. 2 and ¢ are the estimated
filter indices of f; and the estimated APM symbol, respectively.
Such a receiver’s system model is similar to that illustrated in
Fig. 1 but by replacing the MF-based detector with an ML

detector. ]
2) Matched Filter-based Detector: Detection of the se-

lected filter index can be performed using a bank of MFs
or a bank of correlators. This paper will consider the MF-
based detector, knowing that both detectors provide the same
results. Figure 1 depicts the system model where detection is
performed after ISI cancellation . The detector consists of a N
matched filter g;, where g (t) = fi(Tf —t) with 0 <t < T,
Ty = L.T;. The outputs of these filters r(t) are given by:

t
rk@):/gmgk(t—ﬂdr, k=1,2,....N
0

t
= / $(r)fi(Ty —t+T1)dr. (8)
0
These filter outputs are evaluated at the instant 7'
Ty
L = / (1) fr(r)dr, k=1,2,..,N. 9
0

Thus, the decision on the selected filter index, being used at
the transmitter, is based on selecting the largest energy of the
sampled MF outputs as follows:

i=arg m]gLX”TkHQ. (10)

Once the filter index is detected, r; is decoded by using an
APM detector that determines the ML transmitted symbol ¢
in the constellation set x. Note that any other APM detector
can be used. Finally, the detected APM symbol ¢ and the filter
index % are sent to the corresponding demappers to deduce the
bit-stream 131 and 132, respectively.

3) ISI Cancellation: FSIM’s principle is to convey addi-
tional bits of information through the index of the transmission
filter being selected at the transmitter. Thus, the success of
this modulation is based on the ability to detect correctly at
the first stage, the index of the selected filter f;. For this
reason, the filter bank cannot contain only Nyquist filters due
to the inherent high cross-correlation between possible Nyquist
filters. One of the solutions that could allow the detection of
the correlated Nyquist filter is to use the same filter shape for
many successive symbols. However, this solution contradicts
the FSIM approach, aiming to increase SE in contrast to
other SISO-IM schemes. Therefore, the filter bank used in
this modulation is expected to generate ISI but predictable
depending on the filter shapes.

Considering an AWGN channel or a perfect channel equal-
ization, the received signal can be written as follows:

y(t) = z(t) +o(t) = Y sult = n.Toym) +0(t)

= enfi,(t = nToym) + v(t). (11)

This signal is ;Lampled at the rate of 7T and the L received
samples corresponding to APM symbol ¢, is given as follows:

yulm] = (n-fonlm] + 32 cwr-fi Im — (0 = n)A]

n/>n

anticausal IST

+ 37 curifi m = (0 = m)A]) + va[m]

n’/<n

causal ISI
= cp.fi, [m] + ISL,[m] + vn[m], (12)

where f; represents the i filter used to transmit the n'"

symbol and vy, [m] is the noise sampled on t = n. Ty, +m.Ts.
Note that if the used pulse-shaping filters satisfy Nyquist’s
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Fig. 2: ISI estimation and cancellation using feedback decisions {i, ¢} for past and tentative decisions {7, ¢} for future symbols.

condition for zero-ISI, the received signal in the AWGN
channel is ISI free (IST = 0 in (12)) which is not the case in
the proposed system.

Thus, the perfect ISI cancellation for the L samples around
any symbol requires the knowledge of the filter index and
APM symbols for the n past and n future symbols where
the ISI in the last (L'") sample of the first APM symbol ¢
can be eliminated by knowing all the future n symbols. The
proposed ISI cancellation algorithm takes the past 7 detected
APM symbols ¢é,«, along with their filter indices 2,/ as
feedback from the previous final decisions as shown in Fig. 1.
However, similar to [14], a tentative decision based on MF-
based detector is required for the 7 future symbols. Thus,
the ISI cancellation and detection for the current symbol will
be delayed by n symbols after receiving the L samples of
cn, as depicted in Fig. 2 in order to be able to mitigate the
anticausal ISI. Note that the conventional transceiver delay is
deony = %-ﬁ- L%J samples, which corresponds to filter ramp-up
delay and time needed to receive all A samples for first symbol.
Thus, the additional FSIM system delay compared to conven-
tional transceiver is dgspy = L + A — deony = 3% +1-— L%J
samples, which corresponds to the delay needed to receive the
rest of the first L samples and to eliminate the anticausal ISI
from the n future symbols.

The FSIM receiver with linear ISI cancellation is depicted
in Fig. 2. The tentative decision of the APM symbol ¢/~
and the filter index %, for future 1 symbols are detected
by the matched filter as described in subsection II-B2 using
their corresponding L samples of the received signal y,,/[m)].
These tentative decisions {i,/,¢, } are used to regenerate
the filter bank output originally generated at the transmitter

side as 8,/[m] = ¢, f; ,[m]. Similarly, this regeneration is
performed for the past symbols using the feedback decisions
{in/,en'} to get 5,/[m] = &y f; ,[m]. As shown in Fig.

2, the regenerated signals are saved in their corresponding
registers and then used to generate the ISI estimation. Finally,

the ISI cancellation is performed by subtracting the estimated
ISI from the corresponding L samples of the received signal
yns[m]. This aims to generate the estimated transmitter filter
output §,[m| for the APM symbol ¢,, that can be expressed
as follows:

Sn[m] = cn fi, [m] + IS esia[m] + vp[m], (13)

where m = 0,..L — 1. The IS1,.s;q[m] represents the
residual ISI that might still persist due to the non-perfect ISI
cancellation. Note that if the filters are well designed, the
151, ¢5iq[m] approaches zero. Finally, §,,[m] is passed through
the filter index and the APM symbol detectors to recover the
bitstreams b; and b, as described in Fig. 1.

III. RESULTS AND DISCUSSIONS

This section discusses the performance comparison of the
proposed FSIM transceiver with the joint ML and MF-based
detectors. Then, a comparison to an equivalent conventional
transceiver (M-ary QAM scheme with RRC filter) of same SE
is presented. Afterward, the comparison of the FSIM to the
best existing single carrier SISO-IM schemes is performed in
a multipath frequency-selective fading channel.

Notably, the filter bank design of N filter shapes is a
challenging problem. Therefore, we devise 2 and 4 non-
optimal filter shapes to demonstrate the feasibility of the
proposed scheme and illustrate the minimum performance
gain and SE enhancement that can be achieved. The complete
responses after the matched filtering are presented in Fig. 3a
for N = 2, and in Fig. 3b for N = 4.

The proposed system is studied at different transmission
rates (between 3 and 7 bits/symbol or bit per channel use
(bpcu)) by using different numbers of filter shapes and
different QAM orders. The simulation parameters used are
summarized in Table I.

The FSIM performance curves in Figs. 4-6 are obtained
using the proposed ISI estimation and cancellation, whereas
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TABLE I: Simulation parameters

I Parameters [ Value I
M-ary QAM [4,16, 32, 64]
N [2,4]
n 10
Oversampling factor: A 8
Number of symbols 5 x 10°
pulse-shaping filter for Conventional Transceiver | Root Raised Cosine (RRC)

its lower bound is defined by assuming a perfect ISI estimation
and cancellation. The figures 4-5 show that the performance
using the joint ML and MF-based detector are very tight, but
the latter has extremely low complexity.

It is clear in Figs. 4a-4b and Fig. 5 that FSIM with non-
optimal filter shapes and M < 32 QAM achieves a significant
performance gain ranging between 1 dB and 4 dB in AWGN
channel at BER= 10~* compared to the equivalent conven-
tional transceivers of same SE. In addition, these FSIM results
with the proposed ISI estimation and cancellation technique
approaches those with perfect ISI cancellation, especially with
low order QAM, as shown in Fig. 4a and 5. However, the prop-
agation of error issue clearly appears in the FSIM performance
using the proposed ISI cancellation and high QAM order, as

depicted in Fig. 4c due to the APM sensitivity to ISI and the
residual ISI from the error in tentative and feedback decisions
in the preceding block for ISI estimation/cancellation. Thus,
the error propagation is an issue with any detector that may
appear with ISI sensitive schemes if the filter bank introduces
important ISI distortion, so it can be minimized or eliminated
by optimal filter bank design.

In contrast to the 2-FSIM-32QAM performance in Fig.
4c, the result using the 4 non-optimal filters with 16QAM
(4-FSIM-16QAM ) achieves 2.2 dB gain compared to its
equivalent scheme 64QAM, as depicted in Fig. 5. Thus,
increasing the SE gain by filter IM domain and reducing
the APM order allows to achieve better performance and EE
gain, i.e. using 4-FSIM-16QAM instead of 2-FSIM-32QAM
is recommended to achieve 6 bits/symbol transmission rate
similar to (64QAM) but with performance gain advantage.

Figure 6 shows clearly that FSIM outperforms all other
schemes with a minimum gain of 6 dB compared to the
second-best scheme Reduced Correlation (RC) SC-TIM (RC-
SC-TIM) in Rayleigh selective channel with J = 2. Note
that FSIM achieves similar significant gain with a larger J.
More details about the proposed FSIM and its theoretical
performance analysis are provided in [15].

IV. CONCLUSION

In this paper, a novel IM domain is explored by proposing
a novel scheme named “Filter Shape Index Modulation”. The
proposed FSIM system conveys information bits by the index
of filter shape and the transmitted APM symbol. It is worth
mentioning that FSIM allows changing the filter shape at
the symbol rate, and it exploits all available time/frequency
resources. Thus, FSIM achieves higher SE gain compared
to the time/frequency SISO-IM schemes. In addition, the
optimal joint ML and a low complexity MF-based detector for
FSIM are proposed, where the latter also achieves the optimal
performance but with a prominent complexity reduction. Since
the proposed FSIM scheme allows using non-Nyquist filters
to maintain low filters’ cross-correlation, an ISI estimation
and cancellation technique is proposed. The results show
that FSIM achieves a significant performance gain of up to
4 dB compared to the equivalent scheme of the same SE
in the AWGN channel. Moreover, the FSIM superiority is
also maintained in the frequency-selective Rayleigh fading
channel, where it achieves a minimum gain of 6 dB compared
to the existing single carrier SISO-IM schemes. It is worth
mentioning that the proposed ISI cancellation technique allows
reaching the lower-bound with perfect ISI cancellation when
using low-order APM, whereas some performance degradation
appears with high-order QAM due to the residual ISI and the
non-optimal filter design. Finally, many possible extensions
for this scheme and the challenging filter bank design will be
addressed in our future work.
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