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Abstract

Considering the availability of the global navigation satellite system (GNSS) signals and the increase in its data rate in the future, this
paper proposes some new Reed-Solomon coded (RS-coded) orthogonal modulation schemes using the Hadamard codes, as an alternative to the
RS-coded code-shift-keying (CSK) modulation in the Quasi-Zenith Satellite System L-band experimental (QZSS-LEX) signals. The simulation
result of the proposed schemes shows that, though the frame size and hence the data rate is increased with much reduced complexity in the
receiver, the bit error rate performance of RS-coded orthogonal modulation is slightly better than or comparable to the QZSS-LEX.
c⃝ 2021 The Korean Institute of Communications and Information Sciences (KICS). Publishing services by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The evolution and growth of the positioning, navigation,
and timing (PNT) market demand the service relying on
GNSS signals with much improved accuracy. Some several
services (e.g. satellite-based augmentation system services,
Galileo Commercial Services) may rely on huge and mas-
sive data volumes with low latency. Therefore, the navigation
data component such as increased data rate and improved
availability should be considered [1].

On the other hand, the data rate increase is a difficult
task since GNSS systems use direct-sequence spread spectrum
(DSSS) technique. For DSSS/BPSK signals, the data rate
increase requires the chip rate increase or the truncation of
the pseudo noise (PN) sequences. In case of the truncation,
the orthogonality property decreases and it could result in the
performance degradation. Neither of these options is desir-
able. Therefore, an appropriate option is to implement some
higher order data modulation. The CSK modulation is a good
alternative to the BPSK modulation [2,3], and is adopted by
QZSS-LEX. Here, the CSK modulation is combined with
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Reed–Solomon (RS) codes in order to achieve the increased
data rate [4].

Recently, the orthogonal modulations based on various
types of Hadamard codes have been proposed as some al-
ternative schemes of CSK modulation. Among these, those
based on the cyclic Hadamard codes using the m-sequences are
known to have much simpler computational complexity than
CSK modulation [5].

In this paper, we propose two RS-coded orthogonal mod-
ulation schemes using the Hadamard codes based on m-
sequences. For this, we have to design some new RS codes
suitable for the orthogonal modulations: one over GF(28)
and the other over GF(29). The orthogonal modulations are
elected accordingly to have orders 8 and 9, respectively. Two
roposed schemes have the same overall speed of chip rate
hat is 5.115 Mcps but differ in many aspects: (1) one has
imilar structure as QZSS-LEX L62 and the other as QZSS-
EX L61; (2) the RS code over GF(28) is 16-error-correcting
hile those over GF(29) is 32-error-correcting; (3) the number
f input data bits is 1, 744×2 = 3, 488 bits for the first scheme
nd 3,924 bits for the second. We will show the performance
f these two systems as well as QZSS-LEX L62 in Section 3.

We will briefly introduce RS codes, Kasami codes, two
odulation schemes of interest, and QZSS-LEX message

tructure in Section 2. We propose two different RS-coded

rthogonal modulations, one of order 8 and the other of order
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, and compare their performances with that of QZSS-LEX in
ection 3. Finally, Section 4 concludes the paper.

. Preliminaries

.1. Reed-Solomon codes

The (N , K ) RS code C has the maximum distance separa-
le (MDS) property, and therefore, its minimum distance D
atisfies

D − 1 = N − K ,

and hence, it has the t-error-correcting capability where t =

(N − K )/2 [6,7].
Suppose we need an RS code over GF(28) with 16-error-

correcting capability. Then, N = 28
− 1 = 255 and 2t =

32 = D − 1 = N − K , and hence, K = 223. Therefore, the
(255, 223) RS code of length 255 over GF(28) is defined as a
BCH code with the generator polynomial g(x) = (x −α1)(x −

2) · · · (x − α32).
Usual practice is to use the non-binary RS code over GF(2r )

f length N as a binary code of length Nr by mapping each
on-binary symbol (over GF(2r )) into a binary vector of length
using some fixed correspondence. QZSS-LEX signals [4] use

uch a binary RS code of length 255 × 8 = 2040.

.2. Kasami codes

Kasami code is known as one of the important classes of
N sequences, and some truncated small set Kasami codes
re used in QZSS-LEX signals as PN code for CSK modu-
ation [4].

The small set of Kasami codes are generated easily using
wo linear feedback shift registers of length n as described
n [8] for any even integer n. The non-trivial correlation values
re known to be three-level: −1, −2n/2

− 1, 2n/2
− 1 [8].

.3. Modulation schemes

The CSK modulation is designed to increase the data rate
f a band-limited spread spectrum signal without affecting the
N code property [2].

The CSK modulation maps a symbol into a cyclic phase of
given PN code. When the PN code has length N , it has N

istinct cyclic phases, and therefore, N different modulation
ymbols can be mapped into them [3,9].

The second type of modulation of interest is the orthogonal
odulation based on Hadamard codes. So far, lots of different

ypes of Hadamard codes are well-known: Walsh-type, cyclic-
ype in general, and cyclic-type using an m-sequence [10],
tc.

Consider a given N × N Hadamard matrix and its N
ows as N orthogonal codes all of length N . Now, the or-
hogonal modulation based on these Hadamard codes is a

apping of N distinct symbols into N orthogonal codes. The
uthors of [5] have reported some results on the orthogonal
odulations using various types of Hadamard codes, Walsh-

ype and cyclic-type using m-sequences, and of sizes 256,
531
Fig. 1. QZSS-LEX L62 signal structure.

512 and 1,024. The concluding recommendation of [5] is a
use of those based on cyclic-type using m-sequences with
an appropriate parameters in QZSS-LEX as an alternative to
CSK modulation with Kasami codes, and a claim that the
computational complexity at the receiver can be reduced.

2.4. QZSS-LEX message structure

The QZSS-LEX signal is specifically designed to enable
high accuracy real-time positioning [4,11]. The major charac-
teristics are larger message frame and higher code rate than
other GNSS signals. For example, its data rate is 4,000 coded
bits per sec, which is much higher than 100 coded bits per sec
in GPS L1C or Beidou B1C signals [12].

The overall scheme of QZSS-LEX L62 signal structures is
shown in Fig. 1. It consists of two identical streams whose
outputs are multiplexed at the end. We will describe only one
of them here briefly.

The shortened RS code of length 246 over GF(28) is used
for the initial FEC. The 1,744 bits per sec at the input is a
concatenation of 32 bits for synchronization (that will be not
be coded) and 1,712 navigation data bits (that will be coded).
The uncoded 32 bits are then attached to the codeword of
1,968 bits, and the result is of length 2,000 bits or 250 symbols
per sec. Therefore, the symbol time is 4 msec per symbol.

The small set Kasami codes of length 220
− 1 is truncated

to the length 10,230 and then the result is used for the CSK
modulation. The orthogonality between different satellites is
achieved by using different members of the Kasami codes,
and a specific single code is assigned to each satellite and
repeatedly used 250 times per sec for the 250 symbols from the
RS encoder. Each symbol from the encoder consists of 8 bits,
and it is converted into a decimal in the range from 0 to 255.
The Kasami code is then shifted by the amount corresponding
to this decimal number. Therefore, the overall chip rate is given
as 250 × 10230 chips per sec (= 2.5575 Mcps).

. The RS-coded orthogonal modulation schemes

.1. Parameters of the proposed schemes

Assuming that the data rate for the future GNSS will
ncrease, we propose two different RS codes as shown in
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Fig. 2. The proposed RS-coded orthogonal modulation schemes.
Table 1
The proposed Reed-Solomon codes.

RS #1 RS #2

Field GF(28) GF(29)
N 250 500
K 218 436
N − K 32 64
e.c.capability 16 32
Code rate 0.872
Coded data rate 4000 bps 4500 bps

Table 2
The orthogonal modulation with rate 2.5575 Mcps.

RS #1 RS #2

Order 8 9
Length of PN codes 28 29

Number of repetitions ≈ 39.96 ≈ 19.98

Table 1. Each RS code is used with the orthogonal modulation
described in Table 2. We set the code rates of the proposed
codes the same. Also, we set the number of bits per symbol
and the orthogonal modulation order equally. The overall block
diagrams of the proposed schemes are shown in Fig. 2.

The proposed structure depicted in Fig. 2(a) is similar to
those of QZSS-LEX L62 in that both have dual stream of input
data which are multiplexed at the output and the final chip rate

is the same as 5.115 Mcps.

532
Fig. 3. Performance of three modulation types.

There are two major differences between the proposed
structure and QZSS-LEX L62: First is that 32 synch bits in
QZSS-LEX is now unnecessary since orthogonal modulation
does not require any synchronization signal. Therefore, unlike
QZSS-LEX, all the 1,744 input bits in the proposed system
can be used as a navigation message. Second is the length
of PN codes for modulation. In the proposed structure, only
a code of length 256 (order 8) is used to modulate every 8-
bit symbol from the RS encoder in Fig. 2(a). Therefore, at
the output of the orthogonal modulator, we have a speed of
250 × 256 chips per sec. To achieve the same overall chip rate,



H. Cho, H.-Y. Song, J.M. Ahn et al. ICT Express 7 (2021) 530–534

e
a

o
c
b
t

t

C

w

c
o
m
a
o
t

t
s
p
a

c
c
t
e

m
s
T
o
t
e
t
c

4

u
t
r
c
i

Fig. 4. Performance of three RS codes.

Fig. 5. Performance comparison of the proposed schemes.

very 256 chips corresponding to an 8-bit symbol is repeated
bout 39.96 times.

The proposed structure in Fig. 2(b) is a generalized version
f those in Fig. 2(a). First, the dual stream of inputs is now
ombined into a single stream of inputs which accepts 3,924
its which is 436 bits more than the previous structure. Second,
he RS code is designed over GF(29) with the parameters
N = 500, K = 436 and the error-correction capability equal
o 32 in hoping that it could provide better reliability than the
533
previous structure. Thus, each symbol consists of 9 bits and
the orthogonal modulation requires a PN code of length 512
(order 9) and a 512 × 512 Hadamard matrix. Third, by code
repetition about 19.98 times, the overall chip rate is the same
as 5.115 Mcps.

3.2. Performance of the proposed schemes

The bit energy to noise power density ratio Eb/N0 is in
fact the SNR per bit. Therefore, the BER performance of
modulation schemes or FEC schemes with respect to Eb/N0

provides the performance depending only on SNR per bits, and
can be regarded as an important metric of the scheme for the
designers. The practical performance of a system on the other
hand depends not only on SNR per bit but also on data rate
and/or bandwidth etc. To provide the performance depending
on all these, one uses a similar parameter, the carrier power
to noise spectral density ratio C/N0. The relationship between
Eb/N0 and C/N0 is given as

/N0[dB-Hz] = 10 log10 (Eb/N0) + 10 log10 R,

here R is the (coded) data rate [13].
We have done some extensive computer simulations to

ompare various performance of each individual part and the
verall systems. Basically, we compare the performance of
odulations in Fig. 3, the performance of RS codes in Fig. 4,

nd finally, the performance of RS-coded modulations in terms
f Eb/N0 and also in terms of C/N0 in Fig. 5. We would like
o observe the following:

The performances of CSK modulation in QZSS-LEX and
he orthogonal modulations in Table 2 are shown in Fig. 3. It
hows that the higher order orthogonal modulation has a better
erformance as already given in [13]. The gain is about 0.3 dB
t the BER of 10−3, which is predicted also in [13].

The performance of QZSS-LEX RS code and both RS
odes in Table 1 is shown in Fig. 4. It shows that RS #2
ode has better performance (about 0.2 dB and more) than
he others. We guess that it is because RS #2 has better
rror-correction capability, and that it is well-expected result.

The QZSS-LEX and the proposed RS-coded orthogonal
odulation schemes are simulated and their performances are

hown in Fig. 5, one vs Eb/N0 and the other vs C/N0.
he performance of RS #1 scheme is comparable to those
f QZSS-LEX. The RS #2 scheme is slightly better, even
hough it has enlarged frame size than the others. It is also
xpected since the performances of the stronger RS code and
he orthogonal modulation of order 9 are better than their
ounterparts.

. Conclusions

In this paper, we propose some RS-coded orthogonal mod-
lations as alternatives to those in the QZSS-LEX. The simula-
ion results show that, though the frame size (hence, the data
ate) is increased, the performance is slightly better than or
omparable to that of the QZSS-LEX with reduced complexity
n the receiver.
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Some immediate future works would be the followings.
(1) The orthogonality between different satellites must be
achieved by adopting some scrambling codes on top of orthog-
onal Hadamard codes of the proposed schemes. (2) We may
investigate some possibility of compromising the number of
repetitions in Code Repetition of Fig. 2 so that either the date
rate can further be increased and/or much stronger FEC can
be utilized maintaining the overall chip rate of 5.115 Mcps.
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