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Abstract—Emerging systems such as Internet-of-things (IoT)
and machine-to-machine (M2M) communications have strict
requirements on the power consumption of used equipments
and associated complexity in the transceiver design. To meet
these requirements, we propose a novel index modulation (IM)
scheme, namely pulse index modulation (PIM) for single-input
single-output (SISO) schemes. The proposed model uses well-
localized and orthogonal Hermite-Gaussian pulses for data
transmission and provides high spectral efficiency owing to the
Hermite-Gaussian pulse indices. Considering the high complexity
of maximume-likelihood (ML) detector, we propose a matched
filtering-based low complexity detector to implement the PIM
scheme in practice. Besides, it has been shown via analytical
derivations and computer simulations that the proposed PIM
system has better error performance and considerable signal-to-
noise ratio (SNR) gain compared to existing spatial modulation
(SM), code index modulation aided spread-spectrum (CIM-SS),
CIM-SM, and traditional )M -ary systems.

Index Terms—Hermite-Gaussian pulses, Internet-of-things
(IoT), index modulation (IM), machine-to-machine (M2M),
single-input single-output (SISO).

I. INTRODUCTION

Internet-of-things (IoT) and machine-to-machine (M2M)
communications are emerging technologies which are sup-
ported by 5th generation (5G) and and will likely be supported
by 6th generation (6G). By 2025, it is expected that there will
be more than 30 billion IoT connections, thus the efficient use
of the spectrum comes to the fore in the system design [1].
IoT and M2M systems should have low-power equipments and
low complexity. Therefore, single-input single-output (SISO)
solutions are one step ahead of their multiple-input multiple-
output (MIMO) counterparts.

MIMO transmission provides transmitter (Tx) and receiver
(Rx) diversity gain and increases the data rate [2]. However,
inter-antenna synchronization (IAS) and inter-antenna inter-
ference (IAI) are big problems of MIMO schemes. In 2008,
Mesleh et al. proposed a novel transmission scheme, namely
spatial modulation (SM) to overcome the aforementioned
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problems of MIMO systems [3]. SM has attracted quite a
lot of attention from researchers [4]-[6]. According to this
technique, only one antenna is activated among all transmit
antennas for transmission at one symbol duration. Thus, TAI
and TAS requirement are avoided. However, it is stated in [4],
[5] that antenna switching in each symbol duration results in
decreasing spectral efficiency (SE) in practice. Moreover, only
one RF chain is sufficient in the SM, still multiple antennas are
needed. To further exploit indexing mechanisms, the concept
of SM has been generalized to other resources of communi-
cation systems and index modulation (IM) has emerged. For
instance, Basar et al. proposed orthogonal frequency division
multiplexing index modulation (OFDM-IM) that provides not
only higher SE but also improved performance compared
to classical OFDM [7]. To further improve SE compared
to OFDM-IM, Mao et al. proposed dual-mode OFDM-IM
[8] which utilizes entire subcarriers for symbol transmission,
unlike OFDM-IM. These techniques become very popular,
then their variants have been proposed in a very short time
[9]-[11]. Moreover, in the recent past, IM has been utilized
to select orthogonal codes in code-division multiple access
(CDMA) communication [12], [13]. Both OFDM and CDMA
are utilized for wideband communication however, their com-
plexities are relatively high. Recently, a novel filter shape
IM (FSIM) scheme has been proposed in [14]. In this paper,
different filter shapes are obtained by optimization under a
few constraints to provide minimum correlation among them.
To avoid inter-symbol interference (ISI), FSIM requires ISI
cancelation block in the receiver, which leads to an increase
in the computational complexity.

Hermite-Gaussian pulses are widely used in ultra wide-
band communication [15], [16]. In [15], the authors pro-
posed a spectrum efficient communication system that uses
a summation of binary phase shift-keying (BPSK) modulated
Hermite-Gaussian pulses with different orders. Since these
pulses are orthogonal to each other, the transmission of a linear
combination of these pulses that carries different symbols
provides higher SE.

In this letter, we propose a novel IM scheme that activates
certain Hermite-Gaussian pulse shape(s) for transmission in-
stead of antenna indices according to the incoming information
bits. Unlike SM and OFDM-IM systems, to generate the
transmitted signal, the proposed pulse index modulation (PIM)
does not require any transceiver components such as antennas
or any complex operations such as FFT/IFFT. Thus, the
transmitter of PIM has relatively low complexity, it is suitable
for M2M or IoT applications.

Since consecutive symbols are overlapped in the FSIM
scheme, ISI occurs. However, in our system model, con-
secutive symbols do not overlap and ISI does not occur.
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Fig. 1. Different Hermite-Gaussian pulses (a) with L = 127 in time-domain
(b) bandwidth comparison with SRRC in frequency-domain.

Moreover, owing to the orthogonality among the Hermite-
Gaussian pulses, more than one symbol can be sent in the
same symbol duration.

The main contributions of the letter are summarized as

follows:

o We introduce a novel PIM scheme for SISO systems.
Similar to SM, index bits are used as an extra dimension
to convey data bits besides conventional constellation
mapping.

o We propose two receiver models: matched filtering-based
low complexity detector and maximum likelihood (ML)
detector.

o We propose the transmission of more than one pulse to
increase the SE of the PIM technique, more than one
pulse (k > 2) can be sent together owing to orthogonality
property of Hermite-Gaussian pulses.

« We also obtain the average bit error probability (ABEP)
for the ML detector. ABEP results match well with the
simulation results.

The remainder of this letter is organized as follows. In
Section II, we introduce the system model of PIM. In Section
III, performance analysis of the proposed scheme is presented.
Simulation results and performance comparisons are given in
Section IV. Finally, the letter is concluded in Section V. 1

II. SYSTEM MODEL OF PULSE INDEX MODULATION
A. Hermite-Gaussian Pulse Family
We constitute a set of Hermite-Gaussian functions ), (¢) that
span the Hilbert space. These functions are known for their
ability to be highly localized in time and frequency domains.
They are defined by a Hermite polynomial modulated with a
Gaussian function as

1/4
bo(t) = 2

V2vp!

I Notation: Throughout the letter, scalar values are italicized, vec-
tors/matrices are presented by bold lower/upper case symbols. * represents
convolution operator. The transpose and the conjugate transpose are denoted
by ()T and (-)#. |.],||.||, and C(., .) represent the floor operation, Euclidean
norm, and Binomial coefficient, respectively. CA’(0,0?) represents the
complex Gaussian distribution with zero mean and variance 0?2 and I, is
the n X n identity matrix. Last represents partial derivative.

H,(V2rt)e ™, (1)

9
> ot

where ¢ represents time index, v is the order of Hermite-
Gaussian function, and H,(t) is the Hermite polynomial series
that is expressed as H,(t) = (—1)e’ o et

A number of Hermite polynomials can be given for v =
0,1,2,3 as follows: Ho(t) = 1, Hi(t) = 2t, Ha(t) =
4t2 —2, Hj(t) = 8t3—12t. One of the important properties
of Hermite-Gaussian functions is orthogonality among them,
which can be expressed as fooo Y (E)n (t)dt = 0 for m # n
[17]. Representation of Hermite-Gaussian pulses 1 (t), 11 (t),
Y9(t), and t3(t) in the time-domain are shown in Fig. 1(a)
for v = 0,1,2,3. As seen from Fig. 1(a), as the order
of Hermite-Gaussian pulse increases, the oscillation of the
pulse also increases. The frequency-domain representation of
the these Hermite-Gaussian pulses and square root raised
cosine (SRRC) pulse with different roll-off factors (3) are
given in Fig. 1(b). We can state two important issues from
Fig. 1(b). First, the bandwidth of the Hermite-Gaussian pulses
increases with the increase of order, as the first-null bandwidth
is considered. Second, the bandwidth of the zeroth and the
first order Hermite-Gaussian pulses are narrower than that of
SRRC, while the bandwidth of the second and the third order
Hermite-Gaussian pulses are wider. In other words, as can
be seen from Fig. 1(b), the bandwidth usage of the proposed
scheme is relatively higher than the SRRC with 3 =1 .

B. PIM Transmission Model

The transceiver block diagram of the proposed PIM scheme
is represented in Fig. 2. In the PIM scheme, firstly, incoming
bit sequence b = [by,by] with the size of (1 X ppIM) is
splitted into pulse index selector and serial-to-paralel (S/P)
converter blocks. S/P converter splits the by bit sequence
with length of p; = klog2(M) into k subblocks. The bit
sequence bgj; of each subblock is used as an input for
M -ary signal constellation diagram block which outputs the
modulated symbol. Then, the b; bit sequence with length of
p1 = Llog2 (Z)J determines indices of k active pulses where n
is the total number of pulses in the set. k-th modulated symbol
is multiplied with k-th selected pulse, k¥ € {1,...k}. Last,
outputs of multiplier blocks are summed. Then, the signal is
sent to the RF chain.

The baseband PIM signal to be transmitted for k£ can be
expressed as

[e's) k
Z Z si,jte; (t = mTsym), 2

m=—o0 j=1

1
z(t) = N

where s; ; represents the i-th M-ary symbol corresponding to
bo g, ie., si; € {s1,52,...5n}, which is carried on 9, ().
1y, (t) is the j-th element in row £ of the look-up table, where
j€{1,2,...21}, and Ty, denotes the pulse duration. ﬁ
is a normalization coefficient used to make the total symbol
energy E; = 1. For example, analytical expressions of the
possible transmitted symbols for £ = 1 with BPSK modulation
(i.e. s;,; = 1) in the time-domain are given in Table I.

The number of transmitted bits per channel use (bpcu) of
the PIM scheme can be calculated as pppyy = p1 + p2 bpcu.
While the classical SISO system with M = 2 obtains 1 bpcu
at each symbol duration, PIM scheme transmits pppy = 3 bits
and 4 bits for £k = 1 and k = 2, respectively.
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Fig. 2. The transceiver block diagram of the PIM scheme.

TABLE I
POSSIBLE PULSES AND THEIR ANALYTICAL EXPRESSIONS FOR nn = 4,
k=1,ANDp; =2

Possible Pulses for BPSK Analytical Expressions
+po(t) +21/4¢—mt”
41 (1) i21/4(2f)te*“2
+iha(t) 12f (8mt2 — 2)e— 7t
1/4 ((4nV2mt3 —3V2nt\ ,—nt2
+4b3(t) +2 ( W )

TABLE II
A REFERENCE LOOK-UP TABLE FORn = 4, k € {1,2}, AND py = 2.

d .. | Selected Pulse for Selected Pulse for

Index Bits | piv scheme (k = 1) | PIM scheme (k = 2)
{0,0} {o(®)} {o (D), P1(t)
{0,1} {di(t)} {o (D), P2(t)
{1,0} {a(t)} {1 (D), P2(t)
{1,1} {s(®)} {1 (D), ¥3(t)

A look-up table, which maps the index bits to transmitted
pulses for & = {1,2} and n = 4, is given in Table IL. If the
information bit block is given as b = [0 0 1 0] for k& = 2,
the selected Hermite-Gaussian pulses are zeroth order and the
first order ones according to the first two bits (the first row
(¢ = 1) of the look-up table), and selected BPSK symbols are
s$;1 = 1and s;2 = —1 Thus, the transmitted signal can be
expressed as x(t) = (1/10( ) — 1, (t)), if BPSK modulation
is applied. As Hermite- Gau551an pulses are orthogonal to each
other, the modulation type can be thought as quadrature phase
shift-keying (QPSK). We propose two different receiver model
to detection of PIM scheme.

1) Matched Filter Detection of PIM Scheme: The noisy
received signal in time-domain can be represented as

r(t) h(t) * z(t) + w(t), 3)

where h(t) and w(t) represent impulse response of the flat-
fading channel and additive white Gaussian noise (AWGN),
respectively. Since Hermite-Gaussian functions and their linear
combinations are orthogonal to each other, only n times (n <
2P1) matched filtering computation is enough to estimate b;.
This reduces the computational complexity since 7 is less than
the number of rows of the look-up table, i.e., 2P* for k > 3.

In Fig. 2, after the RF chain module, the signal r/(¢) is
sent to m-branch matched filtering blocks. The outputs of
the mached filters are sampled at each Ty, instant and
z = [z1, 22, ... 2] is obtained as follows:

Tsym
zZy =< T’(t),l%(t) >= /
0

(), (H)dt,v =1,2,...n. (4)

Chain i
o Demapper __y
H for p1 b,
t=Tsym 2
Yo(Tom — )P - :
—7< 29, Select [, 1, .
D1 (Toym — 1) —» khighest | 2[¢1] 1| Mary b
/ P . . values of |~ Demapper —v—) 2,1
T (t) : : . 4 . s = : .
P (Toym — t) > H R
! I
' M-ary Ly b
D« 2,k
Matched Filter lin] GIELEr ) :
Detector [y ———
A=z 2 ] k demapper

blocks

After elements of z are ordered according to their magnitudes,
i.e., A = |z| and the highest k out of n values in A are selected
with their indices and complex values. Hence, the transmitted
pulse indices (fl,ég, e ,@k) have been obtained. While the
estimates of index information are sent to the demapper for the
estimation of b1, the corresponding k complex-samples, i.e.,
[2(61), 2(€2), ... z(L)] are sent to M-ary demapper blocks.
Thus, 132 = [13271152,2, . Bg,k] is estimated. The computa-
tional complexity of this detector is Oprp(n x L).

2) ML Detection of PIM Scheme: After the perfect carrier
detection and sampling at the output of the channel, the vector
representation of the received baseband signal for PIM scheme
can be expressed as follows:

rpy = XxXh+w
(763
— Zsz,j%)hjLw, (5)
vk &
where w € CE*1 is the noise vector with elements follow-
ing CN(0, &eX,), h represents the complex Rayleigh fading

coefficient. ¢ej is the discrete representation of the Hermite-
Gaussian pulses obtained from the continuous Hermite-
Gaussian pulses by using the Nyquist sampling theorem
(e, (t) = ¢, [ITs], where [ is an integer (I = 0,1,... L, here
L is the number of samples of the j** Hermite-Gaussian pulse)
and T denotes the sampling interval).

ML detector for PIM scheme can be given as follows:

(31 ,z?k)

§¢’k,€17 A

= arg max (PI‘(I‘F]M|81 Lyeeos Siges Ppyse - ,'¢£k>)
i 10t k
Ly, ,f;«
1 k
= argmin<|(rpm—| —= Zsi’j@b[)h 6)
Si, 1084k (\/E i=1 ’
15 bk

For simplicity, the ML detectors for PIM scheme only for
k = 1 and k 2 can be expressed respectively as

(%E) = argnélln{Hl‘PIM hSz’l/)gH } and (31, 3 27£1,52)

e (511t + 51094, h]| ).

Finally, using the detected (3; 1, ..., §i7k,lf1, . Jfk) values,
the originally transmitted bit sequence b is reconstructed at the
receiver with the help of the index to bits mapping technique
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Fig. 3. Es/No vs. BER values of PIM and various benchmark schemes with various parameters

as shown at the receiver block of the PIM system. The com-
putational complexity of this detector is Opsp, (2P1TP2 x L).

III. PERFORMANCE ANALYSIS

In this section, we analyze the ABEP performance of
the PIM scheme. Accordingly, using the well-known union
bounding technique as in [18], the expression of ABEP P for
proposed scheme can be given as follows:

e g (g, - &, ) N(d,u)

)Y ,

i1 u—l PriMm

P<

2pPPiv (7)
where pppy = p1+p2 is the number of bits transmitted in active
pulse indices and modulated symbols, N (d, ) is expressed as
the number of bits in errors between the vectors £, and éu.
P, (ﬁd — éu) is the APEP of deciding éu giving that £, is
transmitted and it can be expressed as

X 1 oz
Po(€s— &) =5(1- /i ®)
v)o2 1+0i,)
where, o} , can be given for k = 1 and k& = 2 given
respectively as follows:
o | B el itw ey
l,ao — E. “ .
2]\}00;21(\81‘ — si\2> if ¥; =1p;
2%0 U%L(|.3i,1|2 + 180112 + [s6,2 + |3i.2]?)
. if 9, 7{"/’21,1%2 # 1%2 A
Qﬁoaiﬂsi,l = 8i1]? + [si2]® + 13i2]%)
2 = . 21f 1,0512: ’l[iél’gbfg # P, . (10)
“ 21\?00h(|3i,1| +18ial* + [si2 — 8i2/?)
L A, =y,
N oﬁ(lsm — 81|+ [si2 — 8i2l?)
if , = ¢gla"/’z2 = 11’22

where o7 is the variance of Rayleigh fading channel coefficient
and O’,ZZ = 1. Consequently, by substituting (9) and (8) into (7),

we obtain the ABEP for PIM system for ML detector, and
similarly, by substituting (10) and (8) into (7), we obtain the
ABEP for k > 2 system.

IV. SIMULATION RESULTS

To demonstrate the improved performance of the proposed
techniques, the bit error rate (BER) of PIM systems is eval-
uated with different system setups. Generalized code index
modulation aided SM (GCIM-SM) [13], CIM-spread spectrum
(CIM-SS) [12], SM, traditional M-PSK/QAM schemes are
selected as benchmarks. The SNR used in computer simu-
lations herein is defined as F;/Ny where E; is energy per
symbol and Ny is the noise power. Each Hermite-Gaussian
pulse consists of 127 samples. Since the head and tail of
the blows contain a large number of zero-value samples, we
truncate their edges and downsample each pulse with 3. Thus,
each pulse includes 16 samples. Since the order of Hermite-
Gaussian pulses increases, the time signal oscillation also
increases. Therefore, the pulses include fewer zeros at the
head and the tail. The considered interval can be determined
by using 98% energy criteria. All simulations are performed
over frequency-flat Rayleigh fading channels. We assume that
the channel is constant during one symbol duration, and the
channel state information (CSI) is perfectly known at the
receiver.

The theoretical (with ML) and simulations (ML&MF) av-
erage BER performance curves of the PIM scheme with M-
PSK, M = 4,8,16,32, n = 4, and £ = 1 are presented for
peiv = 4, 5,6, and 7 bits in Fig. 3 (a). Here, the PIM technique
transmits 4, 5, 6, and 7 bits by 2 bits with active pulse indices
and 2,3,4, and 5 bits with the transmitted symbols, respec-
tively. As can be seen from Fig. 3 (a), analytical results for
ML receiver match simulation results well particularly at high
modulation order. Owing to orthogonality among Hermite-
Gaussian pulses, MF detector performance almost equal to
ML detector.
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Fig. 4. Performance comparisons of SM, and traditional QAM systems for
(a) 8 bpcu (b) 10 bpcu.

In Fig. 3(b), to investigate the effect of £ on the PIM
performance, which is set to {1,2,3} and BER performance
is obtained. For ¥ = 1 and £ = 3, one pulse and three
pulses are selected for transmission simultaneously, where one
QPSK or three QPSK symbols are conveyed, respectively.
By selecting three pulse shapes out of the set instead of
one pulse shape, extra five bits can be transmitted when the
QPSK scheme is employed for each pulse. In this case, as
seen from Fig. 3(b) almost 5 dB SNR is required to reach
the same BER value. As k increases, n and look-up table
complexity increase as well. For example for £k = 3, the
pulse set cardinality should be n = 5. Also, BER performance
curves of GCIM-SM with np = 8,p. = 2, M = 4-QAM and
CIM-SS nr = 1,p. = 2, M = 32-QAM systems, where nr
and p. denote the numbers of transmit antennas and conveyed
bits in the code index, are compared with the proposed PIM
scheme. As seen from Fig. 3(b), PIM scheme has better BER
performance compared to GCIM-SM and CIM-SS schemes
for 9 bpcu.

The average BER performance curves of the PIM, and
benchmarks schemes are shown in Fig. 3(c) for M-PSK/QAM
at 6 bpcu. PIM technique carries 2 bits with active pulse
indices and 4 bits with the transmitted symbol; In the SM
technique, 2 bits are transmitted in antenna indices and 4
bits are transmitted with symbols. As seen from Fig. 3(c),
the PIM scheme (kK = 2) provides better performance with
approximately 1 dB SNR gain compared to PIM system when
QAM is used. Also, the analytical and the simulation results
match well. The proposed PIM scheme has also better BER
performance compared to SM and traditional QAM schemes.

Fig. 4 presents average BER performance curves of PIM,
SM, and traditional QAM schemes for (a) 8 bpcu and (b) 10
bpcu. For Fig. 4(a), PIM (k = 2) carries 2 bits with active
pulse indices and 6 bits with the transmitted symbol; the SM
scheme carries 3 bits with antenna indices and 5 bits with
the transmitted symbol. The corresponding values in Fig. 4(b)
are 2 and 8 bits for PIM; 3 and 7 bits for SM schemes,
respectively. We can see from Fig. 4 that PIM scheme has a

considerable SNR gain compared to SM scheme for the same
bpcu. At BER = 1072, the proposed scheme requires almost
18 dB less power compared to SM scheme for M = 16 case.

V. CONCLUSIONS

We have proposed a new IM scheme, namely PIM, which
exploits the indices of Hermite-Gaussian pulses for SISO
systems. A low complexity detector based on matched filter is
also proposed. Its performance is presented in comparison with
ML detector. Analytical expressions for average BER of the
PIM for k = {1, 2} system has been derived and its superiority
has been shown. This method is suitable for systems that need
low complexity owing to their SISO structure. For this reason,
we think that our scheme can be utilized especially in M2M
and IoT applications and it can be generalized to different
orthogonal pulses.
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