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A Study on LDM-BST-OFDM Transmission for the
Next-Generation Terrestrial Broadcasting

Hiroto Yamamoto

Abstract—In this paper, the scheme that combines LDM
(Layered Division Multiplexing) with the FDM (Frequency
Division Multiplexing) scheme based on BST-OFDM (Band
Segmented Transmission - Orthogonal Frequency Division
Multiplexing) is proposed for the next-generation DTTB (Digital
Terrestrial Television Broadcasting). The proposed LDM-BST-
OFDM scheme provides a more effective frequency utilization of
the stream for fixed reception. The performance of the proposed
scheme is evaluated by computer simulations where the effective-
ness of proposed scheme for fixed reception is shown. Although
LDM-BST-OFDM improves the performance, dedicated receivers
that can demodulate symbols multiplexed by LDM are required.
In this paper, LDM-BST-OFDM using punctured LDPC code
is proposed, which can decode the stream for fixed reception
even if symbols multiplexed by LDM are not demodulated. The
reception characteristics of the proposed scheme are evaluated
by computer simulations.

Index Terms—BST-OFDM, FDM, LDM, UHDTYV, LDM-BST-
OFDM, punctured LDPC codes.

I. INTRODUCTION

ECENTLY, next-generation DTTB (Digital Terrestrial

Television Broadcasting) for UHDTV (Ultra-High
Definition Television) is being researched and developed in
the world [1], [2]. The most advanced terrestrial broadcast-
ing systems such as DVB-T2 (Digital Video Broadcasting
- Terrestrial 2) and ATSC3.0 (Advanced Television Systems
Committee 3.0) support 4K [3], [4]. In Japan, 8K commercial
satellite broadcasting service started in December 2018 [5].
In addition, the 8K terrestrial broadcasting system is being
researched and developed.

In the next-generation DTTB for UHDTYV, the scheme
that inherits and extends the current BST-OFDM (Band
Segmented Transmission - Orthogonal Frequency Division
Multiplexing) in ISDB-T (Integrated Service Digital Television
Broadcasting-Terrestrial) is proposed [6]. BST-OFDM is con-
sidered as one of the good candidates that realize advanced
and flexible broadcasting service for mobile and fixed recep-
tions. However, it is not always possible to achieve the optimal
band utilization using the BST-OFDM scheme with fixed size

Manuscript received February 28, 2019; revised June 2, 2019; accepted
June 23, 2019. Date of publication August 15, 2019; date of current version
June 5, 2020. (Corresponding author: Hiroto Yamamoto.)

The authors are with the Department of Applied Electronics,
Tokyo University of Science, Tokyo 125-8585, Japan (e-mail:
tama@itamilab.te.noda.tus.ac.jp; nakamura@te.noda.tus.ac.jp; itami @

te.noda.tus.ac.jp).

Color versions of one or more of the figures in this article are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TBC.2019.2932340

, Member, IEEE, Akira Nakamura

, Member, IEEE, and Makoto Itami, Member, IEEE

segments. As in the case of the current ISDB-T one segment
service, the required CNR (Carrier to Noise Ratio) has to be
sufficiently larger than the full segment service around the
fringe of the service area of full segment service for HDTV
reception. As the result, the area that the one segment ser-
vice can be received is usually very wider than that of the full
segment service. Although the margins for mobile reception,
indoor reception and so on are added against one segment ser-
vice design, excessive signal power is sometimes assigned to
the one segment service. Therefore, channel allocation based
on the unit segment cannot always achieve optimal frequency
band utilization due to the single segment size. In the prelimi-
nary specification of the next-generation DTTB for UHDTYV, a
narrower segment as compared to ISDB-T is used by increas-
ing the number of segments and more efficient and flexible
frequency utilization is realized [7], [8]. However, limitation
due to the fixed size segment still exists.

In ATSC3.0, the non-orthogonal multiplexing scheme which
is called LDM (Layered Division Multiplexing) has been
adopted [4], [9]. The non-orthogonal scheme is widely known
as NOMA (Non-Orthogonal Multiple Access) in the cellu-
lar multiple access schemes [10], [11]. LDM increases the
transmission capacity and improves the power efficiency of
mobile reception. In this paper, LDM-BST-OFDM that com-
bines LDM to the BST-OFDM is proposed [12], [13]. In the
proposed scheme, transmitted symbols for mobile and fixed
reception are LDM multiplexed in the segments for partial
reception band. By combining the LDM scheme with the
preliminary DTTB scheme for UHDTYV, a better spectral effi-
ciency can be achieved, leading to an improved UHDTV
transmission. The basic performance of the proposed scheme
is first evaluated by computer simulations, where the effec-
tiveness of the proposed scheme for UHDTV fixed reception
is shown.

LDM-BST-OFDM scheme is effective to improve trans-
mission characteristics. However, dedicated receivers that can
demodulate symbols multiplexed by LDM are required. Thus
LDM-BST-OFDM using punctured LDPC code is proposed in
this paper [14]. The proposed transmission scheme can decode
the stream for fixed reception even if symbols multiplexed
by LDM are not demodulated. At first, the coded transmit-
ted symbols for the fixed reception after LDPC coding are
generated. After that, the generated symbols are punctured. In
addition, the removed symbols by puncturing are multiplexed
by LDM in the segments for mobile reception. By using the
punctured LDPC code, it is possible to decode symbols even
with receivers that do not support LDM. On the other hand, in
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Fig. 1. Example of typical use of the segments in the Japanese current
terrestrial broadcasting system.

the receiver for fixed reception that is capable of demodulat-
ing symbols multiplexed by LDM, the reception characteristics
can be improved.

The proposed system that performs per symbol punc-
turing is easy to implement. However, there is a problem
that burst error occurs. Therefore, we propose the trans-
mission scheme that performs per bit puncturing. Since
this scheme punctures bit data before symbol modulation,
the modulation scheme can be flexibly selected. In this
paper, the reception characteristics of the proposed scheme
under the multipath environment are evaluated by computer
simulations.

II. PRELIMINARY SPECIFICATION OF THE
NEXT-GENERATION TERRESTRIAL UHDTV
TRANSMISSION SCHEME

In the preliminary specification of the next-generation
DTTB scheme for UHDTYV is proposed in the papers [7], [8],
the 6MHz transmission band is uniformly divided into 36
segments, and 35 segments or 33 segments among then are
actually used for data transmission. The number of seg-
ments is increased as compared to current ISDB-T standard
in order to realize more flexible frequency utilization and
it is possible to transmit maximum 3 PLP (Physical Layer
Pipe) streams by combining segments. In the preliminary
specification, the central 9 segments can be used for partial
reception and the stream for mobile reception is transmit-
ted using the 1~9 segments out of the central 9 segments.
When the number of the segments used by the stream for
mobile reception is smaller than 9, the remaining segments are
used for transmission of other streams such as the part of the
stream for UHDTV fixed reception. When the partial recep-
tion mode is used, the frequency interleave is independently
applied to the central 9 segments and other segments and it
is possible for the mobile receiver to receive the stream for
mobile reception by only demodulating the central 9 segments.
On the other hand, the UHDTYV fixed receiver demodulates
whole 35 or 33 segments. The detailed specifications for seg-
ment allocation and frequency interleaving are shown in the
papers [7], [8].

The example of typical use of the segments in the Japanese
current terrestrial broadcasting system is shown in Fig. 1. In
Fig. 1, the central 1 segment is used for transmission of the
stream for mobile reception and the remaining 12 segments
are used for transmission of the stream for fixed reception.
In contrast, the example of typical use of the segments in the
preliminary specification is shown in Fig. 2. In Fig. 2, the
central 9 segments are used for transmission of the stream
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Fig. 2. Example of typical use of the segments in the preliminary specification
of the next-generation terrestrial broadcasting system.

LDM Multiplexed Segments for
— Mobile Reception and Fixed Reception

6 MHz

Segments for Fixed Reception

1343230282624222018 16141210 8 6 4 2 0 1 3 5 7 9 11131517 1921 23 252729 3133 |

Fig. 3. Example of typical use of the segments in LDM-BST-OFDM.

for mobile reception and the remaining 26 segments are used
for transmission of the stream for UHDTV fixed reception.
The transmission of 2K stream is assumed in the central 9
segments for partial reception.

III. LDM-BST-OFDM SCHEME
A. System Model

As described in the previous section, BST-OFDM scheme
is not always possible to utilize the assigned frequency band
shared by multiple streams optimally because it uses the fixed
size segments depending on the applications. The aim of this
paper is to increase frequency utilization and improve per-
formances of UHDTYV fixed reception by applying the LDM
scheme to the central segments for partial reception. The struc-
ture of the segments of the proposed scheme is shown in Fig. 3.
In the proposed scheme, based on the preliminary specification
of the next-generation DTTB scheme for UHDTV described in
the previous section, the part of the stream for UHDTV trans-
mission is multiplexed to the segments that transmit the stream
for mobile reception by using LDM. In the example shown in
Fig. 3, data symbols of the stream for mobile reception and the
stream for UHDTYV fixed reception are multiplexed by LDM
in the central 9 segments for partial reception and the data
symbols of fixed reception are also transmitted in the remain-
ing 26 segments. In this case, the data symbols of the stream
for mobile reception are assigned to the LDM upper layer and
the data symbols of stream for UHDTV fixed reception are
assigned to LDM lower layer. As the result, total 35 segments
are used to transmit the stream for UHDTV fixed reception
and increase of transmission rate or improvement of required
CNR is expected in the transmission of the stream for UHDTV
fixed reception. In this case, the CNR in the receiver against
the LDM multiplexed 9 segments of the stream for UHDTV
fixed reception is usually much lower than that of the other
26 segments. In order to improve this problem, the data sym-
bols in the stream for UHDTYV fixed reception are interleaved
over the whole 35 segments before allocating to the physical
segments to achieve diversity effect so that error correction
by the BICM (Bit-Interleaved Coded Modulation) decoder is
effectively performed.
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Fig. 5. The structure of the mobile receiver in LDM-BST-OFDM scheme.
The data symbols transmitted in the segments for partial can be obtained by,
reception, drpy(n), that are modulated by LDM are shown as,
rom(n)  V1l—a z(n)
dy(n) = dp(n) + “)

drpm(n) = 1 — ady(n) + adr(n), (1)
where, n denotes the sub-carrier index. o denotes the aver-
age LDM power ratio that is the average power of the lower
layer symbols in the LDM symbols. djs(n) and dr(n) denote
transmitted symbols for mobile reception and fixed reception
in n-th sub-carrier. These transmitted symbols are modu-
lated by NU-QAM (Non-Uniform - Quadrature Amplitude
Modulation) that is generated after BCH coding, LDPC cod-
ing and bit interleaving. In this paper, the average power of
dipm(n), dy(n) and dp(n) is assumed to be 1.0. The received
symbols, rzpy(n), are shown as,

repm (n) = H(n)drpy (n) + z(n)
= Hm){V1 — ady(n) + Jadp(n)} + z(n)

= Hm)V1 — ady(n) + Hn)adr(n) +z(n),  (2)
where, z(n) and H(n) denote additive Gaussian noise and
the transfer function of the n-th sub-carrier signal, respec-
tively [15]. If the receiver can demodulate LDM symbols,
transmitted symbols, dys(n), for the mobile reception can be
demodulated by,

repm (1) Ja z(n)
_ DMV 4 _~NT 4 A
HooJT —a M+ =+ o =
~ dy(m) + L2 «) 3)

Ji—a HmnJI—a

After the demodulation of symbols for mobile reception, trans-
mitted bit data can be obtained by decoding of coded symbols.
Obtained transmitted bit data is used for generation of replica
symbols. Replica symbols, dj,(n), are generated by re-coding
and re-modulating obtained bit data. In the demodulation of
the symbols for fixed reception, demodulated symbols, dr(n),

Hme o LONCE
After the demodulation of the symbols for fixed reception,
demodulated symbols, dr(n), are decoded and transmitted bit
data for fixed reception can be obtained.

In Fig. 4, the detailed structure of the proposed LDM
combined BST-OFDM transmitter is shown. Before gener-
ating LDM symbols, the data symbols of the stream for
mobile reception (LDM upper layer) are generated in the same
manner as the preliminary specification of the Japanese next-
generation DTTB scheme for UHDTV. In this paper, the BICM
encoder is used to generate NU-QAM symbols. The gener-
ated data symbols in each stream are first interleaved over the
corresponding number of segments (“Symbol Interleavel”).
In the stream for fixed reception, the output after “Symbol
Interleavel” is de-multiplexed to generate 9 segments of sym-
bols that is transmitted in the central 9 segments and the
symbols that are transmitted in the remaining 26 (or 24) seg-
ments. Then, LDM symbols are generated using 9 segments
from stream for fixed reception after de-multiplexing and 1~9
segments from stream for mobile reception. The symbols in the
1~9 segments in the stream for mobile reception are combined
with the symbols in the first 1~9 segments from the stream
for fixed reception using (1) to generated 1~9 segments that
consist of LDM symbols. After generating LDM symbols, the
data symbols in the central 9 segments are interleaved again
(“Symbol Interleave2”). After interleaving, central 9 segments
and remaining segments are combined to generate the OFDM
frame and mapped in the frequency domain using IFFT.

In Fig. 5, the structure of the mobile receiver that receives
the stream for mobile reception is shown. This receiver is
equivalent to the receiver in the conventional band segmented
scheme without LDM. In this case, simple implementa-
tion is possible because the mobile receiver should only
demodulate the central 9 segments without considering the
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Fig. 6. The structure of the UHDTYV fixed receiver in LDM-BST-OFDM scheme.

TABLE I
SIMULATION PARAMETERS
Number of Carriers per Segment 864
Scattered Pilot Pattern 12x2
Number of Data Carriers per Segment 792
Number of Segments 35
Number of Carriers 30241=864x35+1
LDM Power Ratio, o 0.05, 0.10

Number of Segments 9
Modulation and LDPC Code Length 69120
Coding Parameters LDPC Code Rate 6/16
of the Stream for Number of Iterations 50
Mobile Reception Symbol Modulation Non-Uniform
Scheme 64QAM
Number of Segments 26, 35
Modulation and LDPC Code Length 69120
Coding Parameters LDPC Code Rate 7/16 ~ 10/16
of the Stream for Number of Iterations 50
Fixed Reception Symbol Modulation Non-Uniform
Scheme 4096QAM

multiplexed symbols from stream for fixed reception. In Fig. 6,
the structure of the receiver for UHDTV fixed reception
is shown. In this case, the stream for mobile reception is
first decoded and the stream for fixed reception is decoded
using the decoded data of the stream for mobile reception.
Decoding of the stream for mobile reception is performed
in the same manner as the mobile receiver case in Fig. 5
and BICM encoding is re-applied against the decoded data
of the stream for mobile reception to generate the replica
symbols of stream for mobile reception (LDM upper layer
symbols). Until the replica symbols are generated, LDM
symbols are buffered in “Bufferingl”. The generated replica
symbols are subtracted from the received LDM symbols
to generate the symbols of the stream for fixed reception
(LDM lower layer symbols). The generated symbols are then
multiplexed with the other non-LDM symbols which are
buffered in “Buffering2” and de-interleaving is performed over
whole segments wise. Finally, the BICM decoder is applied
to the de-interleaved symbols to decode the data of stream
for fixed reception.

B. Computer Simulations

In this paper, the performance of the proposed scheme under
the AWGN channel is evaluated by computer simulations.
In the simulations, the parameters shown in TABLE I are

s5|| o~ BST-OFDM 1 |
——&-- LDM-BST-OFDM, a = 0.05
52.5 | —a— LDM-BST-OFDM, a = 0.10 s

Bit Rate [Mbps]
S
W

350 375

275 300 325
Requierd CNR [dB]

25.0

Fig. 7. Comparison of the achieved bit rates against the required CNR at
10~ bit error rate in the stream for fixed reception.

assumed. In this paper, it is assumed that the average pow-
ers of all data carriers are equivalent to 1.0 and the average
powers of scattered pilot symbols are equivalent to 4/3. In this
case, layouts of the scattered pilot symbols are equivalent in
stream for mobile and fixed reception to perform precise chan-
nel estimation against LDM symbols. The maximum number
of iterations in LDPC decoding in the receiver is assumed to
be 50 in this paper.

Fig. 7 shows the comparison of the conventional
BST-OFDM scheme in the preliminary specification of the
Japanese next-generation DTTB scheme for UHDTV and the
proposed LDM combined scheme using 35 segments. In Fig. 7,
the achieved bit rate in the stream for UHDTV fixed recep-
tion against the required CNR at 10~® BER (Bit Error Rate)
is evaluated changing the coding rate of LDPC in BICM. In
the conventional BST-OFDM scheme, the stream for mobile
and fixed reception are transmitted using 9 segments and 26
segments without performing LDM. In the proposed LDM-
BST-OFDM scheme, in addition to the 26 segments by FDM,
the 9 segments are also LDM multiplexed for fixed recep-
tion and equivalently 35 segments are used to transmit the
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Fig. 8. Required CNR of stream for mobile and fixed reception if the LDM
power ratio, «, is changed in the range of 0.02 to 0.16.

stream for fixed reception as shown in TABLE I. As shown in
the result in Fig. 7, the proposed LDM-BST-OFDM scheme
can achieve better performance as compared to the conven-
tional BST-OFDM scheme in o = 0.05 and o = 0.10 cases.
Although, in the case of the simple BST-OFDM scheme, max-
imum bit rate limited to below 42.5Mbps even if the highest
coding rate is used, the proposed LDM-BST-OFDM scheme
can achieve maximum bit rate over 55Mbps. This is considered
to very advantageous in case of 8K transmission that requires
high quality. If the required CNR is limited to the maximum
value of the BST-OFDM case, more than almost 6 and 9Mbps
faster bit rate can be achieved in ¢ = 0.05 and o = 0.10,
respectively. Under the point of view of improving required
CNR, it is possible to improve CNR by approximately 3dB
for « = 0.05 and 4.5dB for o = 0.10.

Fig. 8 shows the required CNR if the LDM power ratio, o,
is changed in the range of 0.02 to 0.16. In this simulation, the
bit rates of stream for mobile and fixed reception are 3Mbps
and 40Mbps, respectively. The higher the power ratio, «, is,
the better the characteristics of stream for fixed reception is
improved. Fig. 9 shows the improvement of required CNR in
mobile and fixed reception as compared to the BST-OFDM
scheme if the LDM power ratio, «, is changed. From Fig. 9,
total improvement of required CNR (improvement in mobile
reception + improvement in fixed reception) is maximum
1.7dB if o = 0.06.

As mentioned in the above discussion, by performing LDM
in the central 9 segments for partial reception, it is possi-
ble to improve performance of the stream for UHDTV fixed
reception. However, the performance of the stream for mobile
reception degrades by the addition of the symbols of the stream
for fixed reception and degradation of the required CNR of the
stream for mobile reception is evaluated. If it is assumed that
the required CNR under the specific modulation and coding

Improvement of Required CNR [dB]

| | —e— Total Improvement

-8 11~ = - Improvement in Mobile Reception
-9 |-{ == Improvement in Fixed Reception :
| | | | | \
0.025 0.050 0.075 0.100 0.125 0.150
Alpha

Fig. 9. Improvement of required CNR in mobile and fixed reception if the
LDM power ratio, «, is changed.

B3 —e—a= 0.05

—a—a =0.10

—a—a =020

Degradation of Required CNR by LDM [dB]

0 1 2 3 4 5 6 7 8 9 0 11 12 13
Required CNR for Upper Layer [dB]

Fig. 10. Degradation of the required CNR of the stream for mobile reception
by LDM-BST-OFDM against the required CNR in BST-OFDM.

parameters is denoted by CNRy[dB], the theoretical degrada-
tion of the required CNR assuming the influence of the LDM
lower layer symbol as Gaussian noise, ACNR, is expressed by
the following formula.

CNRg
ACNR = —1010g10(1 —a— alOlO)[dB] 5)

Fig. 10 shows the degradation of the required CNR
by LDM-BST-OFDM against the required CNR in the
BST-OFDM case for the several modulation and coding
parameters. The solid curves denote the theoretical degrada-
tion of the required CNR changing the value of «. In this
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Fig. 11. The structure of the proposed transmitter in the symbol puncturing scheme.
TABLE I

figure, degradations of CNR of 64QAM-5/16, 16QAM-8/16
and 64QAM-6/16 cases obtained by simulations are plotted
by the solid circle symbols. As shown in Fig. 10, in the
case of @ = 0.05, the values obtained by simulations well
agree to the theoretical values. In the case of « 0.10,
degradations obtained by the simulations are larger than the-
oretical values. The reason of this degradation is considered
that the influence of the LDM lower symbols is not mod-
eled by Gaussian noise. As for the larger value of «, the
degradation increases rapidly and it becomes impossible to
perform LDM. In this case, for « = 0.20, it is impossible to
perform LDM against 16QAM-8/16 and 64QAM-6/16 cases.
Therefore, if appropriate value of « is used, the degradation
in the stream for mobile reception (LDM upper layer stream)
is made small. In the case of 64QAM-6/16, degradation of
the CNR in the stream for mobile reception and improve-
ment of the CNR in stream for fixed reception are shown
in TABLE II. As shown in TABLE II, by sacrificing 1.5dB
of the CNR in the stream for mobile reception, the trans-
mission rate of the stream for UHDTV fixed reception can
be improved by maximum 3.0dB approximately. If 3.7dB of
degradation in the stream for mobile reception is acceptable,
maximum 4.5dB improvement of the required CNR is pos-
sible. As shown in these results, if slight degradation of the
required CNR in the stream for mobile reception, the proposed
LDM-BST-OFDM scheme is expected to be able to achieve
more efficient transmission in the stream for UHDTV fixed
reception.

IV. LDM-BST-OFDM SCHEME THAT PUNCTURES
SYMBOLS AFTER BICM

A. System Model

Although LDM-BST-OFDM scheme improves performance
as shown in Section III, dedicated receivers that can demod-
ulate symbols multiplexed by LDM are required. Therefore,
LDM-BST-OFDM using punctured LDPC code is proposed
in this section. In the proposed scheme, fixed receivers
can decode the stream for fixed reception even if symbols
multiplexed by LDM are not demodulated.

Fig. 11 shows the block diagram of the transmitter in
the proposed symbol puncturing scheme. In the proposed

REQUIRED CNR FOR THE STREAM FOR MOBILE RECEPTION
AND THE IMPROVEMENT OF THE CNR IN THE
STREAM FOR FIXED RECEPTION

Required CNR in Improvement of

Mobile Reception the Required CNR
(64QAM-6/16) in Fixed Reception
BST-OFDM 7.0dB -
LDM- | a=0.05 8.5dB 3.0dB
BST- (1.5dB degradation)
OFDM | a =0.10 10.7dB 4.5dB
(3.7dB degradation)

scheme, the transmitted symbols for the fixed reception are
modulated by BICM and modulated symbols are punctured
in every 16 symbols as shown in Fig. 12. Then, removed
symbols by puncturing are multiplexed by LDM and trans-
mitted in LDM lower layer of the partial reception band.
On the other hand, symbols for the mobile reception are
transmitted in LDM upper layer. Fig. 13 shows the block dia-
grams of the fixed receiver in the proposed symbol puncturing
scheme. Symbols multiplexed by LDM are processed differ-
ently depending on the capability of the fixed receiver. The
fixed receiver that does not support LDM demodulation can-
not demodulate symbols for fixed reception in LDM lower
layer. In the receiver, removed symbols by puncturing that
are multiplexed by LDM are zeroed and used for demodu-
lation. On the other hand, the receiver that supports LDM
demodulation can demodulate removed symbols by punctur-
ing in LDM lower layer. In the receiver, the symbols before
puncturing are restored and decoded. Therefore, it is possible
to improve reception characteristics of the stream for fixed
reception.

If the coded symbols are punctured in every 16 symbols,
the removed symbols by puncturing are multiplexed by LDM
within only about 2 segments of the partial reception band.
Thus, it is possible to increase LDM sub-carriers up to 9 seg-
ments by transmitting each removed symbols over multiple
sub-carriers. In this paper, the number of LDM sub-carriers
that transmit each removed symbols by puncturing is changed
in the range of 1 to 4 as shown in Fig. 14. In Fig. 14, dupli-
cates of removed symbols by puncturing are made (copy)
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Fig. 12. Schematic diagram of symbol puncturing at transmitter in the symbol puncturing scheme.
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Fig. 13. The structure of the fixed receiver in the proposed symbol puncturing scheme.

. . . Removed Symbols copy copy copy 864 sub-carriers
and maximum 4 sets are transmitted using LDM lower layer. by Puncturing ~_ L set 2 sets t M

Transmitted lower LDM symbols are demodulated by MRC
(Maximum Ratio Combining) to improve the reception charac- <

teristics of the stream for fixed reception. In MRC, the output, 6 Miiz
ripy (M), is obtained by multiplying appropriate weights, NP
W,(I’l) aS, 34323028262422201816141210 8 6 4 2 1357 9111315171921232527293133 |
Maximum Ratio Combining
I-1
rLpm,i(n) Fig. 14. MRC of the proposed symbol puncturing scheme.

r/LDM(n) = w;(n)
2N
V1 —aHi(n)dy, ;(n)

Ve In this section, the characteristics of the proposed symbol

puncturing scheme under the multipath environment is eval-

where n and i denote the sub-carrier index and the number of uated by computer simulations. TABLE III shows simulation
the sets of LDM sub-carriers, respectively. Using this output, parameters that are used in this section. TABLE IV shows
the reception characteristic can be improved. the multipath model which is shown in the paper [15]. In

(6) B. Computer Simulations

Authorized licensed use limited to: CONCORDIA UNIVERSITY LIBRARIES. Downloaded on June 23,2020 at 18:31:50 UTC from IEEE Xplore. Restrictions apply.



212

TABLE III
SIMULATION PARAMETERS

Number of Carriers per Segment 864
Scattered Pilot Pattern 122
Number of Segments 35

30241=864x35+1
125/648 kHz

Number of Carriers
Carrier Interval, fo
Carrier Frequency, fc 557.142857 MHz
LDM Power Ratio, « 0.02~0.20
Intervals of Retrieved Symbols 16

Number of Segments 9
Modulation and LDPC Code Length 69120
Coding Parameters LDPC Code Rate 6/16
of the Stream for Number of Iterations 50
Mobile Reception Symbol Modulation Non-Uniform
Scheme 64QAM
Number of Segments 26

Modulation and
Coding Parameters

LDPC Code Length

64800 69120

LDPC Code Rate

10/15 10/16

of the Stream for Number of Iterations 50
Fixed Reception Symbol Modulation Non-Uniform
Scheme 4096QAM
TABLE IV

PARAMETERS OF MULTIPATH MODEL

Path Index | DUR[dB] | Delay Timel[us]
1 0.00 0.000
2 13.45 0.235
3 14.24 9.981
4 18.67 8.871
5 18.83 0.458

— ¥ — BST-OFDM
—=o6— Symbol Puncturing Scheme

") i -

10

750 7.75 8.00 825 850 875 9.00 925 9.50 9.75
CNR [dB]

Fig. 15. BER characteristics of the stream for mobile reception in the symbol
puncturing scheme under the multipath environment.

this simulation, BICM encoder and decoder based on LDPC
code whose length and rate are 69120 and y /16 respectively
are used in the proposed puncturing scheme. Also, the con-
ventional BST-OFDM scheme uses LDPC code whose length
and rate are 64800 and y /15, respectively. If the proposed
scheme punctures LDPC coded symbols in every 16 symbols,
symbol rate of the proposed puncturing scheme becomes the
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Fig. 16. BER characteristics of the stream for fixed reception in the symbol
puncturing scheme under the multipath environment.
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Fig. 17. Required CNR of stream for mobile and fixed Reception under the
multipath environment.

same symbol rate of the conventional BST-OFDM scheme as,

69120
69120 — — == = 64800. 7)

Fig. 15 and Fig. 16 show BER characteristics of the stream
for mobile and fixed reception under the multipath environ-
ment, respectively. In the legend of Fig. 15, “BST-OFDM”
denotes the BER characteristics under the case of using
the conventional BST-OFDM scheme to which LDM is not
applied. “Symbol Puncturing Scheme” denotes the perfor-
mances under the case of using proposed puncturing scheme
that punctures symbols in the stream for fixed reception. In the
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Fig. 18. The structure of the proposed transmitter in the bit puncturing scheme.
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Fig. 19. Schematic diagram of bit puncturing at transmitter in the bit puncturing scheme.

legend of Fig. 16, “Symbol Puncturing Scheme with LDM
Demodulator” denotes BER performances of the proposed
symbol puncturing scheme using receivers that support LDM
demodulation. “Symbol Puncturing Scheme without LDM
Demodulator” shows BER characteristics of the scheme using
receivers that do not support LDM demodulation as shown
in Fig. 13. From Fig. 15, the required CNR of 0.2~0.7dB
at the mobile reception of the symbol puncturing scheme is
deteriorated as compared to BST-OFDM scheme by the influ-
ence of symbols for fixed reception multiplexed by LDM.
In this paper, the required CNR is defined as the CNR
that BER first becomes lower than 10~°. From the symbol
puncturing scheme without LDM demodulator in Fig. 16,
the required CNR of 0.25dB is deteriorated as compared to
BST-OFDM scheme because removed symbols by punctur-
ing are zeroed at the fixed receiver. On the other hand, the
required CNR of 0.4~0.7dB can be improved as compared
to BST-OFDM scheme in the symbol puncturing scheme with
LDM demodulator.

BER performances of the symbol puncturing scheme are
shown in Fig. 15 and Fig. 16. However, these results show
reception characteristics under the case that only about 2
segments of the partial reception band are used. Thus, it is pos-
sible to increase LDM sub-carriers up to 9 segments. Fig. 17
shows the required CNR of stream for mobile reception and
fixed reception under the multipath environment if the number
of LDM sub-carriers and LDM power ratio, «, are changed and
MRC is adopted. In Fig. 17, “x Sets of LDM Carriers” denotes

the BER characteristics under the case that x sets of LDM
sub-carriers of the stream for fixed reception are multiplexed
in other sub-carriers. The LDM power ratio, «, is changed in
the range of 0.02 to 0.20. As shown in Fig. 17, the required
CNR of maximum 1.1dB approximately at fixed reception can
be improved by MRC. On the other hand, required CNR of
mobile reception is deteriorated further. Therefore, this MRC
method is used only in the case that greatly deterioration of
required CNR of the stream for mobile reception is allowed.
Under the case that the required CNR of the stream for mobile
reception is determined, it is possible to select optimize LDM
parameters such as average LDM power ratio and the number
of LDM sub-carriers to improve the reception characteristics
of the stream for fixed reception.

V. LDM-BST-OFDM SCHEME THAT PUNCTURES LDPC
CODED BITS BEFORE SYMBOL MODULATION

A. System Model

The system that performs per symbol puncturing in
Section IV is easy to be implemented from existing systems.
However there is a problem that burst error occurs. Therefore,
the system that performs per bit puncturing is proposed in
this section. Fig. 18 shows the block diagram of the transmit-
ter in the proposed bit puncturing scheme. In the proposed
scheme, the LDPC coded bits for the fixed reception are
punctured in every 16 bits as shown in Fig. 19. Then, the
LDPC coded bits removed by puncturing are bit-interleaved
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Fig. 20. BER characteristics of the stream for fixed reception in the bit and
symbol puncturing schemes under the multipath environment.

and modulated. After that, the symbols are multiplexed to the
transmitted symbols for mobile reception by LDM. Since this
system punctures before modulation, the modulation scheme
can be flexibly selected.

B. Computer Simulations

In this section, the characteristics of the proposed bit
puncturing scheme under the multipath environment is eval-
vated by computer simulations. The simulation parameters
and multipath model are same as those in TABLE III and
TABLE 1V, respectively. Fig. 20 shows BER characteris-
tics of the stream for fixed reception under the multipath
environment. “BST-OFDM” denotes the BER characteris-
tics under the case of using the BST-OFDM scheme to
which LDM is not applied. “Symbol Puncturing Scheme
without LDM Demodulator” denotes the BER characteris-
tics under the case of using the symbol puncturing scheme
in Section IV and using receivers that do not support LDM
demodulation. “Bit Puncturing Scheme” denotes the BER
characteristics under the case of using the proposed bit punc-
turing scheme that performs per bit puncturing. As shown
in Fig. 20, the required CNR of the bit puncturing scheme
can achieve better performance as compared to the symbol
puncturing scheme. Also, the required CNR can be improved
by using LDM in the bit puncturing scheme with LDM
demodulator.

Fig. 21 shows the required CNR of stream for mobile recep-
tion and fixed reception under the multipath environment if the
symbol modulation scheme of the removed bit data by punc-
turing and LDM power ratio are changed. As shown in Fig. 21,
the required CNR under fixed reception can be improved
approximately by maximum 2.0dB at fixed reception can be
improved by changing symbol modulation scheme. Under the
case that the required CNR of the stream for mobile reception
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Fig. 21. Required CNR of stream for mobile and fixed Reception under the
multipath environment.
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Fig. 22. Total improvement of required CNR in mobile and fixed reception.

is determined, it is possible to select optimal LDM parameters
such as average LDM power ratio and the sub-carrier modu-
lation scheme to improve the reception characteristics of the
stream for fixed reception.

Fig. 22 shows the total improvement of required CNR
(improvement in mobile reception + improvement in fixed
reception) as compared to the BST-OFDM scheme if the LDM
power ratio, «, and symbol modulation scheme for removed
bits by puncturing are changed. From Fig. 22, total improve-
ment of required CNR is maximum 0.9dB if « = 0.04 and
NU-16QAM is employed.
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VI. CONCLUSION

In this paper, the LDM-BST-OFDM scheme is proposed. As
the results of computer simulations, it is possible to improve
reception characteristics of the fixed reception by the proposed
scheme. Furthermore, we proposed LDM-BST-OFDM using
punctured LDPC code that can decode the stream for fixed
reception even if symbols multiplexed by LDM are not demod-
ulated. As the results of computer simulations, it is possible
to improve reception characteristics of the fixed reception by
the proposed scheme. In the further study, we will investigate
optimization of parameters such as puncture patterns.
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