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Paper
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Contribution using Microwave Band

Hotaka Ogawat, Yusei Minowat, Hiroyuki Hamazumitt(member) and Tomohiko Kimurat(member)

Abstract This paper describes a single carrier-frequency domain equalization (SC-FDE) wireless transmission method for microwave frequency-domain (FPU) systems.

This paper describes the results of a technical study on applying SC-FDE to a field pick-up unit (FPU). The transmission parameters of the SC-FDE method for microwave FPUs are examined,

and the nonlinear and fading resistance characteristics are evaluated using OFDM (Orthogonal Frequency Division Multiplexing).

This paper quantitatively compares the OFDM and SC-FDE systems and discusses the usefulness of microwave FPUs using the SC-FDE system. The FPU operation applications are classified

into three types: fixed transmission, quasi-mobile transmission, and mobile transmission, and the gain of SC-FDE relative to OFDM is calculated by adding the input back-off value of the

transmitting amplifier and the required C/N of the receiver. The results show that in the case of fixed transmission, SC-FDE is advantageous, in the case of quasi-mobile transmission, the

OFDM system and SC-FDE system are almost equivalent, and in the case of mobile transmission, OFDM system is advantageous.

Keywords: Micrometer Waveband, Microwave Link, OFDM, SC-FDE, Nonlinear Distortion, Fading

1. Introduction

Portable program material wireless transmission devices for television broadcasting (FPU:
Field Pick-up Unit) are important radio equipment that is essential for live broadcasts of sports
and news programs. The frequencies used by FPUs include the 1.2/2.3 GHz band, microwave
(7-10 GHz) band, and millimeter wave (42 GHz) band. The 1.2/2.3 GHz band is mainly used for
mobile transmission such as road race broadcasts, the microwave band is mainly used for
medium- to long-distance transmission, and the millimeter wave band is used for short-distance
transmission such as wireless cameras; different bands are used according to the nature of the

radio waves1).

Microwave band FPU has a wide range of applications, from medium- to long-distance (up to
50 km) fixed transmission to short-distance transmission for wireless cameras. For this reason,
two types of FPU are available: the Single Carrier (SC) type, which is resistant to nonlinear

distortion and has the advantage of being compact and low-power for transmitters, and the

OFDM type, which has excellent multipath resistance and is advantageous for mobile transmission.

Both the Orthogonal Frequency Division Multiplexing (OFM) method 3) and the Orthogonal Frequency
Division Multiplexing (ORM) method 4) have been standardized, and they are used according to the purpose.
This is becoming more and more common.

In recent years, with advances in technology, the Single Carrier-Frequency Domain
Equalization (SC-FDE) method, which can improve multipath resistance by combining the SC
method with frequency domain equalization technology on the receiving side, has attracted
attention, and there have been reports of wireless cameras5) 6) that use the SC-FDE method in

the millimeter wave band .
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On the other hand, effective use of radio frequencies is also important. The SC-FDE system
has the advantage of being able to configure a decode and forward relay (DF) that decodes and
re-encodes the received data before retransmitting it. The authors have demonstrated that the
SC-FDE system can relay signals without signal degradation when using a booster to relay
signals on the same frequency.7) In this context, there is an increasing need to clarify the

potential of the SC-FDE radio system for microwave band FPUs.

There have been no reports examining SC-FDE radio systems that can be applied to FPUs.
It has never happened before.

In this paper, we present the results of a technical study on the application of the SC-FDE
wireless transmission method to microwave-band FPUs.
We investigate the transmission parameters of the SC-FDE scheme for microwave band FPU
and quantitatively compare it with OFDM scheme in terms of its nonlinear and fading resistance
characteristics. Based on the comparison results, we discuss the usefulness of microwave band

FPU using SC-FDE scheme.

2. OFDM method

2.1 System Configuration of OFDM System Figure 1
(a) shows the transmitting block of the OFDM system used in this study, and Figure 1 (b)
shows the receiving block diagram. On the transmitting side, convolutional coding (FEC Encoder)
is performed as forward error correction, and modulation (QAM Mod.) is performed, followed by
time interleaving (Time Interleave) and frequency interleaving (Frequency Interleave). The pilot
signal for estimating the transmission path on the receiving side is the continual 2K full mode of

ARIB STD-B714) as shown in Figure 2.

Using the Pilot (CP) arrangement, every eight subcarriers of OFDM are
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Figure 1 Block diagram of OFDM system
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Figure 3 OFDM signal format

The OFDM frame components are arranged in a continuous format in the symbol direction.
(OFDM Frame). Next, the inverse fast Fourier transform

The signal is converted from the frequency domain to the time domain by IFFT
(IFFT), and a guard interval (Gl) is added before the data.

As shown in Figure 3, the latter half of the data is copied as Gl and added before
the effective symbol, and then transmitted through the transmitting filter. This
transmitting filter directly affects the transmission spectrum mask. Out-of-band
radiation is suppressed using a 256-tap equivalent low-pass FIR filter designed
using the equiripple method with a normalized frequency of 0.410 in the passband

and 0.443 in the stopband.

The received signal passes through a receiving filter, and the data of the FFT
size is cut out by a window. Then, the time domain signal is transformed into
frequency domain by a fast Fourier transform (FFT).

Next, the CPs distributed in the data symbols are extracted (Pilot Extract), the
data portion is interpolated, and the receiving transmission path characteristics of
all subcarriers are calculated.

Since Hr contains noise, a recursive filter is used to suppress the noise and obtain
the transmission line characteristic H.

The recursive filter is shown in equation (1).

H({) =K-H(-1)+ (1 -K) Hr(i) @

Here, i is the OFDM symbol number and K is the noise suppression coefficient,
which takes the value 0yK<1. A value close to 1 results in greater noise
suppression, but the ability to track time-varying transmission paths decreases.
When K = 0, no noise suppression is performed.

Next, the obtained transmission line characteristic H is used to perform frequency domain
equalization according to the following equation. In the case of ZF (zero-forcing), it is expressed
as equation ¥ The signal-to-noise ratio is calculated using equation (3).

(2), and in the case of MMSE , Y is the input signal to the ZF or MMSE calculation unit, and S

is the output signal from the calculation unit.
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Furthermore, frequency deinterleaving, time deinterleaving, and demodulation
(QAM demodulation) are performed. Finally, Viterbi decoding is performed to
decode the convolutional coding. For Viterbi decoding in the OFDM system, soft
decision8) is used to decode using channel information obtained by channel

estimation.

2.2 Transmission parameters of the OFDM system

Table 1 shows the transmission parameters of the OFDM system. Assuming the
application of a microwave FPU, the values of the 2K full mode of ARIB STD-B713)
were used as reference. Error correction is performed using convolutional coding and Viterbi
Decoding was used, the coding rate was 1/2, and the constraint length was 7.

In order to improve the tolerance to burst errors that occur over time on the
transmission line, we used the convolutional time interleaving shown in Figure 4.
The parameter | is the number of shift registers, and the larger | is, the stronger
the tolerance to long burst errors becomes.

The parameter SR is the number of register length steps.
To match the delay time of the SC-FDE method and the interleaving method, the
number of shift registers is set to 119 and the number of register length steps is

set to 52. The delay time of the time interleaving is calculated using Equations (4)

and (5).
Nsample =IXSx{-1) 4
Tde[ay = Nsample X Tsample 5)

Here, the sample time Tsample is 1/ (fsym x M/L) § 94.3 ns in the case of the

SC-FDE method described later, where fsym is the symbol rate of SC-FDE, L is

the number of samples in one block , and M is the number of data samples.

On the other hand, the sample time Tsample in the OFDM system is Ts/Ndc ¥

78.9 ns, where Ts is the OFDM symbol length (time) and Ndc is the number of

data carriers.
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Table 1 OFDM transmission parameters

OFDM
QPSK (M, = 2)
16QAM (M, = 4)

Carrier modulation 64QAM (M., = 6)
256QAM (M,;, = 8)
1024QAM (M,,, = 10)
Error correction code C%?;‘:_Etézme
Occupied band width [MHz) 17.21 (99%)
Carrier spacing [kHz] 99.9
FFT clock frequency [MHz] 20.450743
Number of Carrier 1723
Number of Carrier (Data) 1428

Number of GI symbols 256

FFT points 2048

Symbol length T, [us] 112.66

Pilot format CP: Continual Pilot

Total number of CP 216

CP boost ratio 1.0

25.4 (QPSK)

50.7 (16QAM)

76.1 (64QMA)
101.4 (256QAM)
126.8 (1024QAM)

Transmission bit rate [Mbps]

Rows of Shift Resisters [ 119

Register Length Step Sp 52

1

Fig. 4 Image of Time Interleave

The values of | and SR were set so that the delay time Tdelay of SC-FDE and OFDM was

almost the same (approximately 58 ms).

3. SC-FDE method

3.1 System Configuration of SC-FDE Method

A block diagram of the transmitter side of the SC-FDE scheme is shown in Figure 5(a), and
that of the receiver side is shown in Figure 5(b). SC-FDE is a scheme that transmits information
using single-carrier modulation and performs frequency-domain equalization on the receiver
side using a reference signal that is inserted in advance on the transmitter side.

On the transmitting side, convolutional coding (FEC Encoder) is performed as forward error
correction, modulation (QAM Mod.) is performed, and then time interleaving is performed.
Then, as shown in Figure 6, a unique word (UW) of the reference signal is inserted before
and after the data, and the data is transmitted through a transmitting filter. The transmitting
filter uses a 256-tap equivalent low-pass FIR filter designed using the equiripple method with
a normalized frequency of 0.53 in the passband and 0.57 in the stopband, and filters the out-

of-band signals.

w

Time QWM | [ Viteti
Deinterieave | | Demeod.

(b) SC-FDE receiver

Figure 5 Block diagram of SC-FDE system

L
N | M N
- oW Data O O] - - -

Figure 6 SC-FDE signal format

Radiation is suppressed.

The UWB has the role of processing the signal so as not to interfere with the signal block
received later, and uses the Zadoff-Chu code, which has a constant amplitude and excellent
autocorrelation characteristics.

The number of data symbols is M, the number of UW symbols is M, and the number of UW
symbols is B.
Let N be the number of block symbols and L be the number of block symbols.

On the receiving side, after passing through the LNA, the signal is sampled at twice the
symbol rate and passes through the receiving filter. The main line window (Win.) extracts a 2
(N + M) point signal y from the received signal , and the UW window (Win.) extracts a 2N point
signal u from the received signal. Then, a fast Fourier transform (FFT) is performed to convert
the time domain signal to the frequency domain, and signals Y and U are obtained. On the

receiving side, a signal R, which is a Fourier transform of an ideal UW, is pre-sampled.

In order to obtain the transmission line characteristic , the signal is prepared for the
transmission line and the U/R is calculated. Furthermore, a sampling rate conversion (Rate
conv.) from 2N to 2 (N + M) is performed to obtain the receiving transmission line characteristic
Hr. As with OFDM in the previous section, noise is suppressed using equation (1) to obtain H,
and frequency domain equalization is performed using equations (2) and (3). Furthermore,
the frequency characteristic of a raised cosine roll-off with a roll-off rate of 0.1 is multiplied in
the frequency domain. In this system, the roll-off characteristic is not allocated to the
transmitting side, and the receiving side has a full roll-off characteristic (Figure 7). For this
reason, the passband of the transmitting filter is set up to the frequency where the roll-off
characteristic becomes zero, which reduces the deterioration of the transmission line
characteristic estimation accuracy due to the S/N ratio drop in the roll-off part, and improves the

accuracy of the high-order This avoids BER degradation.

3.2 Consideration and proposal of transmission parameters

Table 2 shows the transmission parameters for the SC-FDE method. Assuming the
application of microwave FPU, we have newly designed parameters with reference to

the OFDM method so that the allowable delay time is equivalent.
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OFDM
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Carrier spacing [kHz] 99.9
FFT clock frequency [MHz] 20.450743
Number of Carrier 1723
Number of Carrier (Data) 1428
Number of GI symbols 256
FFT points 2048
Symbol length T, [us] 112.66
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Table 2 SC-FDE Transmission parameters
SC-FDE
QPSK (Mth = 2)
16QAM (M, = 4)
Carrier modulation 64QAM (M,;, = 6)
256QAM (M,;, = 8)
1024QAM (M,;, = 10)
Error correction code C%?;:Et:lz!mge
Roll-off factor 0.1
Occupied band width [MHz] 16.79 (99%)
Symbol rate [MHz] 15.5
Number of Carrier 1
Number of Data symbols 1664
Number of UW symbols 384 + 384
FFT points 2048
Block length T, [us] 156.9
UW boost ratio 1.0
21.2 (QPSK)
42.4 (16QAM)
Transmission bit rate [Mbps] 63.6 (64QMA)
84.8 (256QAM)
106 (1024QAM)
Rows of Shift Resisters [ 128
Register Length Step Sp 38

The allowable delay time range for OFDM and SC-FDE systems was
calculated by computer simulation using a two-path model. The horizontal
axis is the delay time difference of the two-path, the vertical axis is the BER,
and the amplitude ratio of the two paths is the BER.

The D/U was set to 20 dB. It can be confirmed that the range of delay
tolerance is the same for OFDM and SC-FDE. This delay tolerance is
proportional to the length of the reference signal, and is realized by setting
the UW length of the SC-FDE method to 384. Time interleaving reduces the
delay time that occurs during interleaving as described above.
In order to obtain a delay time Tdelay (approximately 58 ms) almost equivalent to that of
OFDM , the number of shift registers | is set to 128 and the number of register steps SR is set to 38.
did.
The signal is then downsampled by 1/2 and converted back to a time
domain signal by an inverse fast Fourier transform (IFFT), after which it is

time deinterleaved and QAM demodulated.
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Figure 8 Delay vs BER

Finally, the convolutional coding is decoded using Viterbi decoding.

(Viterbi Decoder) is used.
4. Evaluation of nonlinear characteristics of the transmitting amplifier

Amplifiers have nonlinear characteristics that cause the output to saturate when an
input above a certain level is applied. In particular, the transmitting amplifier requires
high output power, so nonlinear distortion cannot be ignored. To avoid this, the amplifier
is given a power amount lower than a specific value, and amplification is performed using
a region where the input and output are linear. The input power value at the point 1 dB
below the straight line where the input/output characteristics are linear is used as the reference.
The value that indicates how much lower the input power is used for
amplification from that value is called Input Back Off (IBO). In this section,
we evaluate the nonlinear characteristics of the transmitting amplifier.
4.1 Evaluation using the Rapp model The
model used to represent the nonlinear characteristics of the amplifier is the Rapp
model shown in equation (6). Note that gin is the input signal, u is the amplitude
scaling coefficient, Osat is the output saturation point, and S is the smoothness
coefficient. The parameters used were set to 6 for the smoothness coefficient S

and 0.5 for Osat, simulating the performance of an actual device10) .

(gin X ‘h’.)

00 S iE % ®)
(1+(®25)")

Famam (u) =

Figure 9 shows the results of computer simulation of the input/output characteristics of a
sine wave, SC-FDE, and OFDM. This figure shows the input/output power values normalized
based on the position of the linear line when the input/output characteristics of a sine wave are
1 dB lower than the linear line. The horizontal axis is the normalized power value on the input
side, and the vertical axis is the normalized power value on the output side. The input/output
characteristics of the theoretical values of the Rapp model based on Equation (6) are also shown.
Itis.

In the computer simulation, phase characteristics that cannot be expressed by
the Rapp model are also taken into consideration, and are added with reference to
reference 11). The phase characteristics used are also shown in Figure 9.

The results in Figure 9 confirm that the SC-FDE system is closer to the

theoretical curve than the OFDM system and is less affected by nonlinear
distortion.
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#2 SC-FDE Transmission parameters

SC-FDE
QPSK (M), = 2)
16QAM (M, = 4)
Carrier modulation 64QAM (M,;, = 6)
256QAM (M,;, = 8)
1024QAM (M, = 10)
Error correction code Convolgtional .COde
Viterbi decoding
Roll-off factor 0.1
Occupied band width [MHz] 16.79 (99%)
Symbol rate [MHz] 15.5
Number of Carrier 1
Number of Data symbols 1664
Number of UW symbols 384 + 384
FFET points 2048
Block length T [us] 156.9
UW boost ratio 1.0
21.2 (QPSK)
42.4 (16QAM)
Transmission bit rate [Mbpsl 63.6 (64QMA)
84.8 (256QAM)
106 (1024QAM)
Rows of Shift Resisters | 128
Register Length Step Sg 38
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4.2 Required IBO by Spectral Mask In this section, we

describe the results of an investigation using a transmission spectrum mask on the IBO
(required IBO) that allows out-of-band radiation to be used as an FPU for both OFDM and SC-
FDE systems. To be used as an FPU, the out-of-band power value based on the power value
in the required frequency band must be below -37 dB2 )-4). Here, we investigated the IBO in
dB with a 3 dB margin in mind. We investigated the power value of out-of-band radiation
relative to the in-band power value when the IBO was changed from 3 dB to 12 dB for each
modulation format: QPSK, 16QAM, 64QAM, 256QAM, and 1024QAM. The results are

shown in Figure 10.

As the IBO increases, the amount of power of out-of-band radiation relative to the in-band
tends to decrease, and it has been confirmed that the SC-FDE method can reduce the out-
of-band radiation power at a lower IBO value than the OFDM method.

It can be acknowledged.

In the SC-FDE system, the IBO value at which the out-of-band radiation relative to the in-
band radiation is about -40 dB varies depending on the modulation order, and it is clear that
the higher the modulation order, the larger the IBO must be.

On the other hand, in the OFDM system, the bandwidth varies depending on the modulation order.

—e— OFDM QPSK

+ OFDM 160AM
—=— OFDM 64QAM

v— OFDM 256QAM

+ OFDM 10240AM
—o— SC-FDE QPSK
—— SC-FDE 16QAM

- SC-FDE 640AM

~— SC-FDE 256QAM

<~ SC-FDE 1024QAM

Relative Out-band power
to in-band power [dB]

1BO [dB]

Figure 10 Relative Out-band power to in-band power for OFDM/SC-
FDE system

Table 3 Required IBO that power radiated from in-band to out-of-band
is -40 dB or less

Carrier | OFPM | SCFDE | Difference
slalatin [dB] [dB] [dB]

) 9) @=0—-0
QPSK 8.65 6.02 2.63
16QAM 8.63 6.51 2.12
64QAM 8.62 6.69 1.93
256QAM 8.51 6.78 1.73
1024QAM | 845 6.72 1.73

No significant change was observed in the IBO, where the in-band radiation relative to the
outside is -40 dB.

Table 3 shows the required IBO required to keep out-of-band radiation below -40 dB
relative to in-band radiation for SC-FDE and OFDM at each modulation order, as well as the
difference between the two systems. Comparing ¥ and ¥, it can be seen that the difference
between OFDM and SC-FDE tends to become smaller as the modulation order increases.

As shown in ¥, the sign of the difference is positive for all modulation orders, which shows
that when OFDM and SC-FDE are transmitted using the same amplifier, SC-FDE can achieve

higher output power than OFDM.

We will now explain a specific example of a spectrum mask. First, we compare the OFDM
system and the IBO = 100 dB condition, which is free from the effects of nonlinear distortion.
The calculated transmission spectrum of the SC-FDE system is shown in Figure 11. It can be
seen that the transmission spectrum is shaped by the transmission filter and out-of-band
radiation is suppressed.

Next, we consider the spectrum for each modulation order of the OFDM and SC-FDE systems.
The spectrum mask is shown in Figure 12. This spectrum mask uses the required IBO
required to keep the out-of-band radiation to the in-band radiation below -40 dB, as determined
in Table 3. In standards 2) to 4), the required frequency band is within +9 MHz (18 MHz

width) shown by the dotted line in each spectrum.

It is stipulated that the out-of-band emissions must be within the range of -40 dBm for both

systems.
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Fig. 11 OFDM/SC-FDE Spectrum Mask (IBO = 100 dB)
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Carrior OFDM | SC-FDE Difference
modulation [dB] [dB] [dB]

@® @ @=0—©
QPSK 8.65 6.02 2.63
16QAM 8.63 6.51 2.12
64QAM 8.62 6.69 1.93
256QAM 8.51 6.78 1.73
1024QAM 8.45 6.72 1.73
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Fig. 12 OFDM/SC-FDE Spectrum Mask

5. Evaluation of receiver bit error rate

In this section, we present the results of computer simulations of the bit error rate
characteristics of a receiver under the conditions including the nonlinear characteristics
described in the previous section.

We first describe the results using an AWGN channel, then the results using a two-path
multipath model. We then describe the results of evaluating fading associated with movement,
using the Rice channel as a line-of-sight mobile propagation model and the Rayleigh channel

as a non-line-of-sight mobile propagation model.

5.1 AWGN Transmission Path
Using the required IBO conditions described in Table 3, additive white Gaussian noise was
added to the receiver input for OFDM and SC-FDE systems, and the bit error rate was
calculated as shown in Figure 13. Calculations were performed for carrier modulation formats
of QPSK, 16QAM, 64QAM, 256QAM, and 1024QAM. The BER (w/o) when decoding was
performed without error correction, and the BER (Soft) when decoding was performed after

error correction using the soft decision of the Viterbi decoding method are shown.

A floor is observed in the characteristics of SC-FDE with FEC for higher order modulation
(64QAM, 256QAM, 1024QAM). The reason for this is that the required IBO for SC-FDE, which
is calculated with an out-of-band radiation of -40 dB relative to the in-band radiation from the
viewpoint of uniformity of conditions, affects the performance as nonlinear distortion in the
case of higher order modulation.
In wireless systems, error correction is performed doubly by using a concatenated code
consisting of an outer code (Reed-Solomon) and an inner code (convolutional code). Since
evaluation including the outer code is extremely difficult due to the calculation time involved,
the required C/N is calculated using the inner code BER = 2 x 10-4, which is error-free when
the outer code is applied.
In this case, the effect of nonlinear distortion on the Soft value after error correction is not so
great. In Sections 5.1 and 5.2, the deviation of the BER from the theoretical value of synchronous
detection was also confirmed, so the evaluation was performed using the ZF method of
Equation (2) with the noise suppression coefficient K = 0.93 of the recursive filter for estimating
the transmission path characteristics for both OFDM and SC-FDE. 5.2 Two-path transmission
path Figures 14 and 15 show the results of

calculating the bit error rate for a two-path

transmission path that fluctuates relatively slowly under the required IBO conditions

described in Table 3. Both figures show the results for the microwave over-the-sea transmission.

Considering the propagation delay, the evaluation was performed with FdTs = 0.001 (see
Section 5.3 below). The delay time difference between the two waves is 64.5 ns for SC-FDE
and 97.8 ns for OFDM. Figure 14 shows the amplitude ratio D/U of the two-wave multipath at
10 dB, while Figure 15 shows D/U at 6 dB. In terms of the characteristics of w/o FEC without
error correction, when the C/N ratio is large, SC-FDE has a lower error rate, but under low C/N
conditions, OFDM has a slight advantage.
The results are as follows.

5.3 Fading in Mobile Transmission Fading during

mobile transmission is a phenomenon in which radio waves of multiple paths interfere with

each other, causing the strength of radio waves to change dramatically.
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There are two types of fading: direct fading, which occurs when there is no direct wave and the propagation path is
made up of only multipath waves reflected by mountains and buildings, and Rayleigh fading, which occurs when
there i no direct wave and the propagation path is made up of only multipath waves reflected by mountains and buildings.
In general, FPUs are used within line of sight.
An image of Nakagami-Rice fading is shown in Figure 15, and Rayleigh fading is
shown in Figure 16. In mobile

transmission in a multipath environment, interference waves are reflected by
moving objects, causing the Doppler effect, which causes the frequency to fluctuate.
The fluctuation frequency can be calculated using formula (7) 7). The fluctuation
frequency is Fd, the moving speed is v, the transmission frequency is fc, and the
speed of light is ¢ (= 3.0 x 108) [m/s].

F 1= ﬁ @
C

When comparing the different wireless systems of SC-FDE and OFDM, it is
difficult to select parameters that match the block length Ts of the SC-FDE system
and the symbol length Ts of the OFDM system. For this reason, in this paper, we
used the normalized Doppler frequency FdTs normalized by Ts to enable
comparative evaluation independent of Ts. FdTs can be calculated using the

following equation (8).
FdTs = Fd X Ts (8)

Table 4 shows the relationship between moving speed and normalized Doppler frequency.

Mountains

Figure 16 The image of Rician Fading
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Figure 17 The image of Rayleigh Fading
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Table 4 Relationship between moving speed (v) and normalized

Doppler frequency

FdTs
system OFDM SC-FDE
T, [us] 112.66 156.9
" 1 0.001 0.001
10 0.010 0.015
llem] 30 0.031 0.044
Table 5 Fading parameters
Model Rician Rayleigh
Delays | Gains | Delays | Gains
[ns] [dB] [ns] [dB]
0 0 0 0
244 -3 244 -3
Path 489 —6 489 —6
733 -9 733 -9
978 -12 978 -12
1222 -15 1222 —15
1467 -18 1467 -18
K-factors 2 -

An exponential delay profile12 ) was used as a model for the mobile transmission
environment , and an example of fading parameters with six delayed waves is shown in
Table 5. In addition, the Rice factor (K-factors), defined as the ratio of the power of the
stationary component used in Nakagami-Rice fading to the average power of the irregular
component, was set to 2.

In this section, the evaluation of fading in mobile transmission is
Since the time fluctuation of the channel is large, the noise suppression coefficient of the
recursive filter for estimating the channel characteristics was set to no noise suppression (K
=0) for both OFDM and SC-FDE, and the MMSE method of Eq. (3) was used for evaluation.

5.3.1 Rician fading channel

A simulation was performed using the Rice model to determine the BER when the C/N
ratio was changed. The normalized Doppler frequency FdTs was set to 0.01 and 0.015, and
the Rice factor (K-factors), defined as the ratio of the power of the stationary component to
the average power of the irregular component, was set to 2. The results are shown in

Figures 18 and 19. The OFDM system achieved the required BER for all modulation

orders, but the SC-FDE system did not reach the required BER for 64QAM with FdTs=0.015.

Next, the normalized Doppler frequency FdTs corresponding to a moving speed of 30
km/h was set to 0.031 and 0.044 for the OFDM and SC-FDE systems, respectively, and the
K-factor of the Rice model was set to 2.

The results of calculating the BER versus C/N are shown in Figure 20. The OFDM system
achieved the required BER for all modulation orders, but the SC-FDE system did not reach

the required BER for 16QAM and 64QAM.

Furthermore, the horizontal axis is the normalized Doppler frequency and the vertical axis is the BER.

The results of calculations using the Rice model are shown in Figure 21.
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Figure 18 BER vs. C/N (Rician, FdTs = 0.01)

The C/N ratio was set to 20 dB for QPSK. For 16QAM, which has four times the number of
symbols and half the symbol distance, the noise power was set to 26 dB, half that of QPSK,
and similarly for 64QAM it was set to 32 dB. It can be seen that when FdTs is large, that is,
when the moving speed is fast, the BER after error correction is better with the OFDM
system. 5.3.2 Rayleigh fading transmission path A simulation was performed using the
Rayleigh model to

determine the BER when the C/N ratio is changed. The

normalized Doppler frequency

The results for wave numbers FdTs = 0.01 and 0.015 are shown in Figures 22 and 23.
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Figure 19 BER vs. C/N (Rician, FdTs = 0.015)

The OFDM method achieved the required BER for all modulation orders, but the
SC-FDE method only achieved the required BER for 64QAM with FdTs = 0.015.
The BER was not reached.

Next, the normalized Doppler frequency FdTs corresponding to a moving speed
of 30 km/h was calculated for the OFDM and SC-FDE systems, respectively.
The BER versus C/N ratio was calculated using a Rayleigh fading model with the
CIN ratios set to 0.031 and 0.044, and the results are shown in Figure 24. As with
the results of the Rice model, the OFDM system achieved the required BER for all
modulation orders, but the SC-FDE system did not achieve the required BER for
16QAM and 64QAM.
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Furthermore, the results of calculations using the Rayleigh model with the
horizontal axis being the normalized Doppler frequency and the vertical axis being
the BER are shown in Figure 25. As with the Rice model, the C/N is 20 dB for QPSK and
The BER after error correction is 26 dB for 16QAM and 32 dB for 64QAM. When
FdTs is large, that is, when the moving speed is fast, the BER is

It can be seen that OFDM is better.

6. Evaluation of wireless links

In this section, we assume that the same transmission amplifier is used for both

OFDM and SC-FDE.

Copyrights to Machine-Translated Content
The copyright of the original papers published on this website belongs to the Institute of Image Information and Television Engineers.
Unauthorized use of original papers or translated papers is prohibited. Please be sure to cite the original publication when referencing.
For details, please refer to the copyright regulations of the Institute of Image Information and Television Engineers.



—
QPSK Rician
FdTs=0.01

107

BER

E —o— SC-FDE w/o
104 —e— OFDM w/o

E—— SC-FDE Soft

1 f—— OFDM Soft 1 : ]

0 4 8 12 16 20

CIN [dB]

——————
16QAM Rician
FdTs=0.01

BER

[ L1 P B
4 8 12 16 20 24
C/N [dB]

———
64QAM Rician
FdTs=0.01

BER

10-7:.I...I|||I|..I.|||||
12 16 20 24 28 32

C/N [dB]

19 BER vs. C/N (Rician, FdTs =0.015)

OFDM /3id, T XTOLEMIECTHIZEBER 123 L 7275,
SC-FDE Ji3ix, FdTs =0.015® 64QAM 2B\ T
BERIZE L &> 7.

KA, WEH30 km OB HEEICAH YT 2 EBILF v 7
I — 8 FdTs %, OFDM /i & SC-FDE X cEhZ
10031, 00442 L, LA ) —T7 2=V Y TOEFIVEH
TC/NIZHT5BERZFH LR K24 1R F. T4
AETFTNVORR L FEE, OFDM AR, TXTOLERKAE
THTZEBERIZE L7245, SC-FDE /7302 16QAM, 64QAM
WCBWTHMEBERISEL o 72,

X[ ¥4 70w FPU A SC-FDE ER(mix AR DR THIRE

-3E QPSK
10 E Rician

BER

E —o— SC-FDE w/o
<« —— OFDM w/o
10”F —a— SC-FDE Soft
F —A— OFDM Soft

E OFDM  FdTs=0.031
 SC-FDE FdTs=0.044

109

107

M| L
4 8 12 16 20
C/N [dB]

107 h

4 16QAM
10 E Rician

10% E

BER

10k -

E OFDM _ FdTs=0.031

- SC-FDE FdTs=0.044 ]
[0 4 S NN E I I

4 8 12 16 20 24
C/N [dB]

BER

J:
10" oFDM  FdTs=0.031
E SC-FDE FdTs=0.044 | E

126 20 24 2% 32

C/N [dB]

K20 C/N vs. BER (Rician, v =30 km/h)

107

X5\, iz EBAL Ny 75 —fEdkE s Litdh 2 BER
ELTLAY) —EFVEHOWTEHE LR 2R 25 1R
T. FA4AEFIVERBIC, C/NIZQPSK T20 dB,
16QAM T26dB, 64QAM T32dB & L7z. FdTs2vk&w»
Wit ThbbRBEIEEE YA DR ZTIE%OBER
OFDM D/ SBIFCTH 5 2 EDFERTE 5.

6. HEIREFR O

AR#E T, OFDM /7 & SC-FDE oM GFRIZHB VT,
[Fl— DR EHMIERE WS 2MEL, OFDM A&

(95) 698



This is a machine-translatedversion of the original paper in Japanese Published on J-STAGE .
The next page is the original paper, which is expanded alternately with the translated version.
Because this is a machine translation, it may contain typographical errors, mistranslations, or parts of the paper that have not been reflected in the translation.
Please be sure to cite the original publication when referencing.

0 0
10 R P — W e
QPSK Rician QPSK Rayleig
10-'L.C/N=20dB 101 FdTs=0.01
2| a
10 107
3 ]
g 9 3 o | O-Gf E
g E :Jﬂ 3 3
-4
10 3 10% 4
E E 3
10%L —©0— SC-FDE w/o o 10k ]
—e— OFDM w/ 3 E
OFOM wio 3 F —o— SC-FDE w/o E
—— SC-FDE Soft ] : £ ]
10 —— OFDM Soft : iy e
; 3 F—— SC-FDE Soft |
G Ais107 orless g 2 ; 7r:—‘—OFDM Soft ]
- L = Ak 4 L At 10' PN N I GO (S TN ], T I O I
10° 107 10" 4 8 12 16 20
FdTs C/N [dB]
10° 10° e
T LT R LR T T 16QAM Raylelgh
16QAM Rician a FdTs=0.01
10-'L C/N=26dB 107 :
20
10° E b | E
L 7 af ]
=3 10 -
o 10 E E o 3 1:
w 3 3 L : 3
o .4 @ 404
107F = 3 3
E 3 = 3
[ ] & 1
-5|
10 v 10 3 3
8 L r 6-_ 9
10% 3 107 3
F A is 107 ] E 3
10.;"'31_00“&:'5,,“_[ i S v i e [ o O A S SR T S S [
= 7 5 4 12 1 2 24
10 3 10 2 10 1 8 6 0
FdTs C/N [dB]
. 10°
10 —r—ryrery 3 64QAM Rayleigh
64QAM Rician 101 FdTs=0.01
107 'L C/N=32dB 4 O0—o0
J 10%
10° 3
at
10
10 e
14 w 3
i} o 109
@ 40+ ]
5
109 Wy
o
109 b |
g g P (SO
107 - . L |....|2 A PUNET SRl T S ; 12 16 32
10 10 10 C/IN [dB]
FdTs
: - Figure 22 BER vs. C/N (Rayleigh, FdTs = 0.01)
Figure 21 FdTs vs. BER (Rician)
We compare SC-FDE methods. We evaluate by adding and canceling the difference in the required The difference in required C/N between the OFDM system and the SC-FDE system was calculated
IBO of the transmitting amplifier described in Chapter 4 and the difference in the required C/N of the using the values of , and the results are shown in Table 6.
receiver described in Chapter 5. We perform three evaluations: fixed transmission, quasi-mobile The value of the SC-FDE method is subtracted, and if the value is positive, the SC-
transmission, and mobile transmission. A positive value means that the FDE system has an advantage, and a negative value means that the
6.1 Evaluation of fixed transmission OFDM system has an advantage. In terms of the required C/N, the OFDM system has a slight
In this section, we perform an evaluation assuming fixed transmission where the transmitting and advantage. Next,
receiving antennas are line of sight and do not move. We describe the results using an AWGN the power gain of the SC-FDE system over the OFDM system was calculated by adding the value ¥
transmission path with no multipath, and a two-path model in which the multipath seen in marine of the power difference in the required IBO of the transmitting amplifier described in Table 3 in Chapter
propagation fluctuates relatively slowly. 4 and the value Y of the power difference in the required C/N of the receiver shown in Table 6, as shown
AWGN transmission path described in Section 5.1 and the two-wave model described in Section 5.2 in Table 7. When this power gain is positive,
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Figure 24 C/N vs. BER (Rayleigh, v = 30 km/h)
In the case of positive, the SC-FDE system is advantageous, and in the case of negative, The results are shown in Table 8. The transmission frequency is 10 GHz and the moving
the OFDM system is advantageous. All the results in Table 7 are positive, and it can be speed is 10 km/h. In this case, FdTs is 0.015 for the SC-FDE method and 0.01 for the
seen that in the case of fixed line-of-sight transmission, the SC-FDE system is OFDM method. In terms of the required C/N, the OFDM method is more advantageous.
advantageous.
6.2 Evaluation of Quasi-Mobile Since the value for 64QAM did not reach the required BER, a "-" is entered in the table.
Transmission In this section, we assume quasi-mobile transmission from wireless
cameras and describe the results of evaluation using Ricean and Rayleigh fading Next, the power gain of the SC-FDE system against the OFDM system was calculated
models. by adding the power difference value y of the required IBO of the transmitting amplifier
Using the required C/N value for fading described in Section 5.3, described in Table 3 of Chapter 4 and the power difference value y of the required C/N
The difference in required C/N between OFDM and SC-FDE systems is shown below. of the receiver shown in Table 8. The results are shown in Table 9.
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If the power gain is positive, the SC-FDE method is advantageous, and if it is negative,
The OFDM method is advantageous.

In the case of QPSK, the SC-FDE method has an advantage,
In the case of 16QAM, the results are almost the same, and in the case of 64QAM,
Table 9 shows that OFDM is advantageous.

6.3 Evaluation of mobile

transmission In this section, we describe the results of using a fading model that

assumes mobile transmission, such as that seen in road race broadcasts, using a car.

Using the C/N value, the required C/N ratio for OFDM and SC-FDE systems is calculated.
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Table 6 Difference of required C/N in fixed channel

OFDM | SC- | Difference
Chan- Carrier [dBl | FDE [dB]
nel | modulation [dB] ®=
@ ® @D—-®
QPSK 3.25 3.36 —0.11
16QAM 8.60 | 892 | —0.32
AWGN | 64QAM 13.16 | 13.84 —0.68
256QAM 1740 | 18.19 =0.79
1024QAM 22.05 | 23.11 —1.07
Two | QPSK 375 3.97 —0.21
paths | 16QAM 925 | 944 [ —0.19
64QAM 13.93 | 14.32 —0.40
D/U= | 256QAM 18.24 | 18.62 —0.38
10dB | 1024QAM 2298 | 23.61 —0.64
Two | QPSK 438 | 492 | —054
paths | 16QAM 10.13 | 10.39 —0.27
64QAM 1497 | 15.22 —0.26
D/U= | 256QAM 19.48 | 19.50 —-0.02
6dB | 1024QAM 24.58 | 24.50 +0.08
Table 7 Power gain between OFDM and SC-FDE with nonliniear
Distortion in fixed channel
Power gain
Carrier @+®
Modulation | AWGN | Two paths Two paths
DU=6dB | DU=10dB
QPSK +2.52 +2.09 +2.42
16QAM | +1.80 +1.85 +1.93
64QAM | +1.25 +1.67 +1.53
256QAM +0.94 +1.71 +1.35
1024QAM | +0.67 +1.81 +1.10
Table 8 Difference of required C/N in fading channel
Carrier O[E?B;A IEE()E Difference
mod- | Fading [dB]
ulation 9Bl | @=@-®
@
QPSK 9.61 11.75 —2.14
160AM | Rician | 16.68 | 19.00 ~2.32
64QAM 2129 | - —
QPSK Rav- 10.04 | 12.03 —~1.99
16QAM leigyh 1713 | 19:79 —2.66
64QAM 21.01 = =

The results of the difference are shown in Table 10. The normalized Doppler frequency

FdTs, which is an index of the speed of movement, is 0.044 for the SC-FDE system and

0.031 for the OFDM system. As in the previous section, the OFDM system has the

advantage.

Next, the difference in the power of the required IBO of the transmitting amplifier described in Table 3

of Chapter 4 (y) and the difference in the power of the required C/N of the receiver shown in Table 10 are
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<6 Diffrence of required C/N in fixed channel

OFDM | SC- | Difference
Chan- Carrier [dB] FDE [dB]
nel | modulation [dB] ©=
@ ® @D—®
QPSK 3.25 3.36 —0.11
16QAM 8.60 8.92 —0.32
AWGN | 64QAM 13.16 | 13.84 —0.68
256QAM 17.40 | 18.19 —0.79
1024QAM 22.05 | 23.11 —1.07
Two | QPSK 375 | 397 | —0.21
paths | 16QAM 9.25 9.44 —0.19
64QAM 13.93 | 14.32 —0.40
D/U= | 256QAM 18.24 | 18.62 —0.38
10dB | 1024QAM 2298 | 23.61 —0.64
Two QPSK 4.38 4.92 —0.54
paths | 16QAM 10.13 | 10.39 —0.27
64QAM 14.97 | 15.22 —0.26
D/U= | 256QAM 19.48 | 19.50 —0.02
6dB 1024QAM 24.58 | 24.50 +0.08

#7 Power gain between OFDM and SC-FDE with nonliniear
distortion in fixed channel

Power gain
Carrier @+®
Modulation | AWGN | Two paths Two paths
DU=6dB | DU=10dB
QPSK +2.52 +2.09 +2.42
16QAM +1.80 +1.85 +1.93
64QAM +1.25 +1.67 +1.53
256QAM | +0.94 +1.71 +1.35
1024QAM +0.67 +1.81 +1.10
%8 Diffrence of required C/N in fading channel
Carrier O[l:il}ga\/l FS];:: Difference
qu— Fading (dB] [dB]
ulation @ 9=
QPSK 9.61 | 11.75 —2.14
16QAM | Rician | 16.68 | 19.00 —2.32
64QAM 21.29 — —
QPSK Rav- 10.04 | 12.03 —1.99
16QAM leigh 17.13 | 19.79 —2.66
64QAM 21.01 | — —
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Table 9 Power gain between OFDM and SC-FDE with nonlinier distortion in Fading channel

Carri Power gain
modalffla‘:iron ®+©
Rician Rayleigh
QPSK +0.49 +0.64
16QAM —0.20 —0.54
64QAM - —
Table 10 Difference of required C/N in fading channel (v = 30 km/h)
Carrier OFDM I*?I()IE Difference
mod- |Fading | [dB] 4B [dB]
ulation @ @=0—W
QPSK 9.22 11.94 -2.72
16QAM | Rician | 16.17 - —
64QAM 20.54 - -
QPSK Rags 9.51 14.36 —4.85
16QAM 1eigyh 1658 | - =
64QAM 21.03 - -

Table 11 Power gain between OFDM and SC-FDE with nonliniear distortion in Fading channel

Carri Power gain
modal.ln.llz::il;m .
Rician Rayleigh
QPSK —0.09 —2.22

16QAM = —
64QAM - —

By adding value ¥, the power gain of the SC-FDE system compared to the OFDM system
was calculated, and the results are shown in Table 11. It can be seen from Table 11 that

the OFDM system is advantageous.

7. Conclusion

We have investigated an SC-FDE radio system for microwave band FPUs and

quantitatively clarified its resistance to nonlinearity and fading through computer simulations.

FPU operation was classified into three types according to the purpose: fixed
transmission, quasi-mobile transmission, and mobile transmission. The power value was
calculated by adding the input back-off value of the transmitting amplifier and the required
C/N of the receiver, and compared with the OFDM system. As a result, the SC-FDE system
was found to be advantageous in the case of fixed transmission. In addition, a comparison
was made using an example of an exponential delay profile as a propagation model, and
the results showed that the OFDM system and the SC-FDE system were almost equivalent
in the case of quasi-mobile transmission, and the OFDM system was advantageous in the
case of mobile transmission.

The SC-FDE method provides a single-frequency network with no signal degradation

when using a booster to relay signals on the same frequency.

In the future, we would like to tackle the research topic clarified in this paper, “Improving

the reception performance of SC-FDE during mobile transmission.”

This research was funded by the Broadcasting Culture Foundation in fiscal 2019 and

This project was carried out with the support of the 2022 grant.
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9 Power gain between OFDM and SC-FDE with nonliniear
distortion in Fading channel

Carri Power gain
modulation 9+ @
Rician Rayleigh
QPSK +0.49 +0.64
16QAM —0.20 —0.54
64QAM = =

#10 Diffrence of required C/N in fading channel (v =30km/h)

Carrier OFDM IEJ(DJE Difference
mod- |Fading [dB] [dB] [dB]
ulation ) ©@=0—@
QBSK 9.22 11.94 —2.72
16QAM | Rician | 16.17 — —
64QAM 20.54 — —
QBSK Rav- 9.51 14.36 —4.85
16QAM leigyh 1658 | — =
64QAM 2103 | — -

%11 Power gain between OFDM and SC-FDE with nonliniear
distortion in Fading channel

Corri Power gain
modulation ©+®
Rician Rayleigh
QPSK —0.09 —-2.22
16QAM — —
64QAM — —
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