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An index-modulated FSCM systems with low complexity algorithm and

enhanced data rate*
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Abstract Frequency-Shift Chirp Modulation (FSCM) also known as
LoRa modulation, enables long-distance transmission with low power con-
sumption for Internet of Things (IOT), but has a limited transmission
rate. Frequency-shift chirp spread spectrum system with index modulation
(FSCSS_IM) introduces index modulation to improve the transmission rate
of FSCM at the cost of high demodulation complexity. This letter propose
an improved FSCSS_IM scheme to further improve the transmission rate
of FSCM by adding indexes with equal values to the codebook. And then
we design a low complexity demodulation algorithm which employs index
matching to replace the index search matching algorithm in FSCSS_IM.
Finally, we derive the approximate BER expression of the proposed scheme.
The analysis and simulation results show that the transmission rate of the
proposed scheme is up to 91.7% higher than that of the FSCM and 8.3%
higher than that of the existing FSCSS_IM scheme, and the demodulation
algorithm has the almost the same computational complexity as the FSCM
and much lower than that of FSCSS_IM.
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1. Introduction

Low Power Wide Area Networks (LPWAN) allows ubiqui-
tous connectivity between millions of sensors, allowing for
the development of a large number of smart IoT applications,
resulting in a smart lifestyle where everything is connected
and controlled via the Internet [1]. As a derivative of chirp
spread spectrum (CSS) technology, FSCM (Frequency-Shift
Chirp Modulation) [2] that is the well-known LoRa modula-
tion, has become one of the most popular LPWAN technolo-
gies due to its advantages of low power consumption and
long-distance transmission. However, these advantages are
gained at the cost of low transmission rates, which greatly
limits the future IoT applications [3].

Towards this ends, many schemes has been proposed to
improve the transmission rate of FSCM. E_LoRa [4] adds
one additional bit to determine whether the FSCM signal is in
phase or quadrature. Although it improves the transmission
rate of FSCM system, the receivers need to accurately esti-
mate the channel state information which greatly increases
the demodulation complexity. SSK_LoRa [5] determines
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whether to transmit upchirp or downchirp by adding one
additional bit information. However, it need to demodulate
upchirp and downchirp at the same time, also resulting in a
higher demodulation complexity.

Unlike most prior work, FSCSS_IM [6] maps the bit in-
formation to the index with unequal values, and then mod-
ulates each value of the index to the initial frequency offset
of chirp. Each modulated FSCSS_IM symbol can trans-
mit more SF — 2 bits than FSCM. However, FSCSS_IM
needs to search and match index in the codebook during
demodulation, which makes the demodulation complexity
significantly high.

In this letter, we further explore the line of FSCSS_IM
by adding the indexs with equal values into the codebook
so as to further improve the transmission rate. Then we
present a low complexity demodulation algorithm based on
index matching by designing index ordering in codebook.
In addition, we derive the approximate BER expression in
AWGN channel and give the simulation results.

2. Basis of FSCM and FSCSS_IM

2.1 FSCM

FSCM is a chirp modulation via changing the initial fre-
quency shift [2]. Assuming that the sampling rate is equal
to the bandwidth, the discrete expression for the FSCM sig-
nal is:

x(k) = 7GRN ROK | =01, N~ 1, (1)

where N = 25F and SF € {7,8,9,10,11, 12} is the spread
factor, m € [0, N — 1] is the decimal value of the SF bits
information carried in a modulated symbol.

FSCM uses the non-coherent demodulation denoted as

Xdem = arg max(F FT (ym(k) * conj(xo(k)))). 2

The receiver multiplies the received signal y,, with the
conjugation of the x (upchirp) where xo(k) = ¢/27(z 2k s
the basic FSCM signal, then performs the FFT operation, and
finally selects the bin corresponding to the largest amplitude

as the decimal value of the message (Xgem)-

2.2 FSCSS_IM

FSCSS_IM [6] improves the transmission rate of FSCM
by introducing index modulation to modulate information
on the initial frequencies of two superimposed upchirps.
FSCSS_IM maps the information to the index { fi, f> }, where
fi.fp € [0,N—1]and fi < f. So there are C%\, possible
indexes. And the information an index can carry is SFy; =
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|Llog2C3; ], which is equal to 2 - SF — 2 when SF € [7,12].
The indexes of FSCSS_IM are sorted in the codebook as
{0,1},{0,2},... {O,N — 1} ,{1,2},... {N-2,N — 1}.

Every SFy4; bits in FSCSS_IM is converted to a decimal
value f € [0, N — 1], and then the f-th index {fi, f2} in the
codebook is extracted. Each value in the index is modu-
lated at the initial frequency of the upchirp signal, and the
transmitted signal of FSCSS_IM is written by:

xp (k) = % [ernie=ten ot )

In the demodulation, the receiver performs the dechirp
and FFT operations on the received signal and selects the
two bins with the largest amplitude. After obtain the index
by sorting bins, the receiver will search the codebook for a
matching index and converts its position in the codebook to
binary, and then the bit information is recovered.

3. Improved FSCSS with index modulation (ICSS_IM)

3.1 Modulation

The proposed ICSS_IM adds the indexes with equal values
into the codebook, where the two values in the index is
fi £ £, fis o € [0, N —1]. Thus, there are C?V + N possible
indexes such that each symbol can carry SF;, = |/ ogz(C%\, +
N)| bits information. And each symbol can carry 2-SF — 1
bits which carries one more bit than FSCSS_IM.

The indexes of ICSS_IM are sorted in the codebook as
{0,0},{0,1},{1,1},...,{N — 1,N — 1}, which is shown in
Fig. 1. The codebook contains only 25742 of C?\, +N possible
indexes. Each SF,; bits information converts to a decimal
value f and then maps to the f-th index {fi, f2} in the
codebook. To ensure that the power of each transmitting
symbol equal, the transmitting signal is given by:

x(k) = % (xr (k) + x5(K)),  fi < fo @
Eg x x5 (k), fi=h

where x4 (k) = ejz”(%‘%*%)k and x4 (k) = ejz”(%‘%J'fﬁz)k.
We notice that in the case of fj < f>, the transmitted signal is
essentially identical to the transmitted signal of FSCSS_IM.
Additionally, if fi = f>, the transmitted signal is equivalent
to FSCM.

3.2 Low complexity demodulation

The pseudo-code of the low complexity demodulation is de-
scribed in Algorithm 1. The receiver first performs dechirp
and FFT operations to obtain the frequency domain bins
f s = [0,1,...,N — 1] and their corresponding amplitude

{0,0}
(0,1} (L1}
0.2} (1,2} 2.2}
(ON-2} | {1N-2} (N-2,N-2}
{ON-1} | {IN-1} e | N2NL | INCINCTY

Fig.1 Order of indexs in the codebook.
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y; = [y;(l), y;(2),. . .,y;(N)], and then sorts y; in a de-
scending order as y , and get their corresponding bins f .

Before getting the initial index, we need to determine
whether the two values in the initial index { fi, >} are equal
or not. We notice that y,(2) is determined by only the power
of the noise when f; = f, and the power of the signal and
noise when f; < f,. Therefore, we figure out the difference
Dy = ys(1) = ys(2) and Dy = ys(2) — ys(3),if Dy > Do - T
(T is a threshold), the initial index is {f;(1), fs(1)} with
two equal values. Otherwise, the initial index is the sorted
result of fi(1) and f;(2), i.e., {fi, o} = sort{fs(1), f5(2)}.
For each SF, the receiver can estimate the SNR through the
preamble, and simply set a different threshold depending on
whether the SNR is in the low or high range.

Depending on the order of the indexs in the codebook as
shown in Fig. 1, we can derive the relationship between the
index { fi, f2} and the decimal value f of the bit information:

S
f=fie )y m ()
m=0

Since the codebook contains only 25742 indexes, when
the initial index is not in the codebook, i.e., f > 25Faz
we extract the next bin in f and form a new index with
fs(1), and we iteratively update the index until it is in the
codebook. Finally the recovered bit information is obtained
by converting the decimal f to 2 - SF — 1 binary bits.

Multipath channels will reduce the effective SNR of the
system and lead to a significant BER performance loss. The
matched filter described in [7] is employed to the algorithm
1 to mitigate the effects of multipath channel. Specifically,
we keep the preamble DFT output y ,, and then calculate the
cyclic-correlation between y ,, and the payload DFT output

’

Ys:

N-1
R =Y |y ]y ((k + i) mod 2SF)|, 6)
k=0

wherei =0,1,--- ,N — 1 and R (i) also be interpreted as the

Algorithm 1 Low complexity demodulation algorithm
Require: 7T, xo[k], y[k] for k =0,1,...,N -1
Ensure: y;,
Stepl : Obtain the initial index.
[y fs] < [FFT(y. x conj(xy))l
(Y. f 5] — sori(y)
Dl = ys(l) - ys(z)
D, = ys(z) - ys(3)
if Dl > D2 + T then
s 2] = [f s(D), f (D]
else
L1, 2] = sort[f (1), f 5(2)]
end if
Step2: Obtain the final index.
f=fi+3k_om
while f > 25Fa2 do
Update [f1, f2]
f=fi+xk_gm
end while
Step3: Recover the information.
yp = dec2bin(f,SF )
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Table I Complexity analysis of different scheme without index update

ICSS_IM FSCSS_IM FSCM
O(2NlogyN + O(3 xN? + O(NlogsN +
3N) Nlog, N +3N) 2N)

k-th DFT outputs in the frequency domain. The direct DFT
output ¥, in the manuscript is replaced with R.

3.3 Complexity comparison and analysis

Table I summaries the computational complexity of FSCM,
FSCSS_IM and the proposed ICSS_IM. FSCM multiply the
received signal with the conjugation of x(, which has a com-
putational complexity of O(N); and then perform an FFT
operation with a computational complexity of O(N log, N);
the bin with the largest amplitude is extracted finally by the
operation with O(N) computational complexity.

FSCSS_IM also performs the dechirp and FFT operation,
and then it extracts initial index and removes them from the
frequency domain result, which results in a computational
complexity of O(2N). FSCSS_IM searches the codebook
for matching initial index, and therein the computational
complexity is O(% x 225F-2) = O(% x N?).

ICSS_IM uses an index matching formula with the com-
putational complexity of O(% + 1) to map the index to the
decimal value, replacing the existing search matching oper-
ation in FSCSS_IM. ICSS_IM sorts the magnitude of the
FFT result before obtaining the index, which yields with a
computational complexity of O(N log, N).

The demodulation computational complexity of the pro-
posed ICSS_IM and FSCM is much lower than that of the
FSCSS_IM. In addition, although the computational com-
plexity of ICSS_IM is slightly higher than that of FSCM, it
has great advantage in terms of transmission rate.

3.4 BER expression in AWGN channels
The symbolic error rate (SER) of ICSS_IM is equivalent to
the probability of improperly demodulating the index, i.e.,

Py = Pe|anov + Pe|fP007 (6)

Cg%:N = %—;{ represents the probability
that two values in the index are unequal, and P, s is the
probability of index detection error under this condition.
P,, = C% = %7 represents the probability of the equal
values and P, 7 is the probability of index detection error.
Given an index {fj, f2} with fi < f5, the average symbol
error probability can be expressed as the average probability

of recognizing noise as a signal, i.e.,

where P,,, =

P.r =Pr| max (p;) > min , 7)
elf [i,i;tﬁ,fz 0> | o By )] (
where p; = |@;|, ¢; is a complex Gaussian noise, then p;

depicts a Rayleigh distributed random variable with the cu-
mulative function as:

2
Fp (p) = 1—-exp —27_2] ) (3)

where 02 = Np/2 is the variance and Ny is the single-sided
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noise power spectral density. p = m?xf (p;) is the max-
Lifi,f

imum of the — 2 independent and equally distributed
Rayleigh random variables which follows a Gaussian distri-
bution.

The power of each chirp signal is E, /2 for unequal index
values. So By = ’\/ES /2 + ¢f‘ accordingly follows a Rician
distribution. The equivalent SNR of chirp spread systems
is high and the Rician distribution for high SNR can be
approximated with a Gaussian distribution [8]. Therefore,
the probability density function for B¢ can be approximated
as:

2SF

(8-VER)

202

oy (B) =

exp |-

1
V202

where \/E, /2 is the mean for 8.
The joint probability of two Gaussian distributions can

be equivalent to Q function [9]. From (7), (8) and (9), the
symbolic error rate P,y can be expressed as:

mv:l—lwuzf@Adeﬂ

zQ(\/M—l.ZS-\/S_F+O.4)

25F _p

“Jor (B)|d (B)

(10)

Given an index with f; = f, the average symbol error
probability is equivalent to FSCM which is given in [8], i.e,

Pe|f =Q (\/2EX/N0 - 1.28 - VSF + 0.4), and the symbol

error rate of ICSS_IM can be expressed as:
N-1
Po= 3 X0 (\/ES/NO ~1.28-VSF + 0.4)
2
T X0 (\/ZES/NO —1.28-VSF + 0.4),

The relationship between BER and SER for chirp spread
systems is given in [10], so the BER of the ICSS_IM is
approximated as:

an

+

ZSFdz_IPS

= "~ 12
S 0.5 x Py. (12)

P,

4. Numerical results

In this section, we provide the simulation results of the BER
performance and throughput for FSCM, FSCSS_IM and the
proposed ICSS_IM. We set B = 125 KHz, the payload is
20 bytes, the SNR range is [-30, —2] dB. And then the
simulation results are averaged over 3000 runs.

Figure 2 provides the simulation results to compare
the BER performance of the proposed ICSS_IM and
FSCSS_IM. And the approximated BER derived in (14) is
also given in Fig. 2. The results of the theoretical derivation
are very close to the simulation results, which validates the
theoretical analysis. The BER performance of FSCSS_IM is
slightly better than that of ICSS_IM, because ICSS_IM has
a certain error probability when judging whether the index
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Fig. 2 The BER performance comparison for FSCSS_IM and ICSS_IM
over AWGN channel.
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Fig.3 The BER performance comparison for FSCSS_IM and ICSS_IM
over 2-path channel.
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Fig.4 Comparison of different schemes for throughput performance,
when SF=7, SNR=-2dB.

values are equal due to the influence of noise.

Figure 3 presents the BER performance comparisons for
the FSCSS_IM and ICSS_IM systems with SF = 9 and
SF = 12 over the two-path channel with impulse response
h(k) = ¥0.85(k)+v0.26(k—1) and the AWGN channel. The
results indicate that all systems over the two-path channel is
inferior to that in the AWGN channel. After employing the
matched filter, the BER performance of the proposed system
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improved significantly and is close to that of the FSCSS_IM
system.

Figure 4 shows the throughput of FSCM, FSCSS_IM and
ICSS_IM at SNR=-2dB. The throughput of all schemes de-
creases as SF increases, because when SF increases by 1, the
symbol length doubles but the information carried increases
by only 1bit. Compared with FSCM, the transmission rate of
ICSS_IM can be increased by 85.7% at SF' = 7 and 91.7% at
SF = 12, respectively. And ICSS_IM increased the transfer
rate of FSCSS_IM by 8.3% at SF' = 7 and 4.5% at SF = 12
respectively. Obviously, ICSS_IM is superior to FSCM and
FSCSS_IM in terms of transmission rate.

5. Conclusions

Inspired by FSCSS_IM, we proposed an improved scheme
called ICSS_IM of which transmission rate is further in-
creased by adding indexes with equal values into the code-
book. According to the order of indexes in codebook, the
index matching is utilized to replace the existing search algo-
rithm, which greatly reduced the demodulation complexity.
Furthermore, we derived the approximate BER expression
of the proposed ICSS_IM in AWGN channels and validated
it by simulations. The analysis and the simulation results
demonstrate that the proposed scheme can achieve a higher
transmission rate than FSCM and FSCSS_IM, but with the
almost same computational complexity as FSCM.
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