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1. Introduction

Recently, the frequency resources of wireless systems 
are being depleted, so the high-priority issue for the 
subsequent wireless systems is to make a revolutionary 
modulation scheme with higher frequency efficiency 
and higher quality. In order to address this issue, several 
researchers in recent years have shown an interest in 
SSB modulation scheme combined with the quadrature 
modulation scheme.

The SSB modulation scheme sends data at half the 
occupied bandwidth compared to that of the Double 
Sideband (DSB) system. The SSB signal can be produced 

by combining the Hilbert transform and quadrature 
multiplexing, and its modulation scheme is only 
effective in scalar modulation [1,2]. In contrast, quadrature 
multiplexing scheme, which is a typical DSB modulation 
method, employs two carrier waves of the same frequency 
that are out of phase with each other by 90°. If the SSB 
modulation can be incorporated with the quadrature 
modulation, the spectrum efficiency might be twice as 
high as the conventional scheme. Unfortunately, they are 
not independent of each other as both modulations use 
the same signal processing for quadrature multiplexing. 
The in-phase component comprises the I-data and Hilbert 
transform of Q-data, and the quadrature component 
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comprises Q-data and Hilbert transform of I-data on 
the receiver side. Thus, lossless demodulation cannot 
be performed analytically because of extra Hilbert 
components. 

In this paper, SC-FDMA SSB 16PAM using the 
frequency domain filter is proposed, which does not 
require consideration of the problem of extra Hilbert 
components. It employs scalar modulation, so it can be 
SSB-modulated without extra Hilbert components. In 
addition, our proposed scheme employs the frequency 
domain filter on the transmitter side to form an ideal 
spectrum. The configuration of its process is almost 
similar to SC-FDMA, moreover, half of the input data 
on the frequency domain is removed to form SSB-
modulated spectrum. The advantages of the proposed 
frequency domain filter are that it can form the spectrum 
with a roll-off rate of zero without the penalty of the 
BER performance [1], and that PAPR is improved over the 
conventional SSB modulation scheme. The proposed SC-
FDMA SSB 16PAM reduces the peak power generated by 
the Hilbert transform and has the same PAPR as the SC-
FDMA 256QAM with the same frequency efficiency.

Currently, the SSB processing is used for the downlink 
communication and not for the uplink communication, 
so the proposed scheme is expected to improve the 
quality of the single carrier transmission for the uplink 
communication. Under AWGN channel environment, 
BER performance of the proposed scheme is superior by 
3 dB in terms of CNR to 256QAM scheme with the same 
frequency efficiency and the same PAPR. In addition, the 
same beneficial effect can be obtained with SC-FDMA 
SSB M-PAM modulation scheme.

2. Related Works

Several researchers have shown research results on the 
Quadrature SSB (Q-SSB) modulation [3-6]. It is expected 
that the spectrum efficiency can be doubled by multiplying 
the SSB modulation and the quadrature modulation. The 
transmission signal of Q-SSB modulation scheme is 
represented as follows:

 
(1)

where  and  are Hilbert components. 
However, each of the in-phase component and 

the quadrature component contains the extra Hilbert 
component on the receiver side, and no method has 
been considered to analytically remove its component 
completely. Therefore, the Q-SSB signal cannot be 
properly demodulated by the normal method. The 

demodulation method with the strong equalizer such as the 
turbo equalizer can suppress the extra Hilbert component 
and the demodulation can be performed without 
significantly degrading the BER performance, but it 
becomes difficult to form an ideal spectrum with a roll-off 
rate of zero [7]. In addition, the Q-SSB modulation scheme 
is vulnerable to phase-error due to the effect of extra 
Hilbert components. The BER performance deteriorates 
under the fading channel environment. In order to avoid 
that problem, the 4ASK-based SSB modulation scheme 
in which only the quadrature component is used as the 
Hilbert component was proposed [1].

On the other hand, the SSB signal also has the 
drawback that the PAPR of the time domain signal is 
significantly deteriorated due to the Hilbert transform 
on the transmitter side. When a high peak signal is input 
to the non-linear device such as a transmitter power 
amplifier, the output signal is distorted. Its distortion 
causes the deterioration of the transmission quality and 
the increase of out-of-band radiation to adjacent systems. 
Although it is possible to reduce the distortion for large 
peak signals by using the device with excellent input/
output characteristics, this method leads to the increased 
power consumption.

From the above, the main issues of the SSB modulation 
scheme are to solve the problem of the extra Hilbert 
components, to form the practical spectrum without 
deterioration of the BER performance, and to improve the 
PAPR that is degraded by the Hilbert transform.

3. SSB Modulation

This section describes how SSB modulation is applied. 
The details of the modulation method are explained in 
other articles [1,8,9]. In this paper, the detail of the spectrum 
transition of the SSB modulation on the transmitter side 
is described. Figure 1 depicts the spectrum transition of 
the SSB modulation [10,11]. The Hilbert transform depicted 
in Figure 1 is the method of delaying the phase by 90° at 
the positive frequency domain and advancing the phase 
by 90° at the negative frequency domain. As depicted in 
Figure 1, of the transmission signal is 
represented as follows:

 (2)

In (2) and Figure 1, when  and  are added, 
SSB modulation by LSB is performed; on the contrary, 
when they are subtracted, SSB modulation by USB is 
performed.

Here, the spectrum transition as indicated in (2) is 
explained in detail. The SSB-modulated transmission 
signal  using Hilbert transform is represented as 
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follows:

 (3)

where  is the modulated signal,  is the carrier 
frequency. The relationship between  and  is 
represented as follows:

 (4)

On the other hand, the relationship between  and 
 is represented as follows:

 (5)

From (3), (4), and (5),  and  are represented 
as follows:

 (6)

 (7)

Therefore, the LSB signal  and the USB signal 
 depicted in Figure 1 are represented as follows:

 
(8)

 
(9)

From (6), (7), (8) and (9), it can be seen that the SSB 
modulation scheme can transmit data at half the occupied 
bandwidth as compared with the DSB modulation scheme.

Figure 1. Generating SSB modulation signal

4. SC-FDMA

Since our proposed method assumes single-carrier 
transmission in uplink communication, SC-FDMA, 
which is important for explaining the proposed method, is 
described in this section. Figure 2 depicts the configuration 
around the Discrete Fourier Transform-Spread-Orthogonal 
Frequency Division Multiplexing (DFT-s-OFDM) used in 
SC-FDMA.

As depicted in Figure 2, the transmission signal is first 
mapped as a single carrier with low PAPR and the data is 
transformed into frequency components by Fast Fourier 
Transform (FFT). The signal on the frequency domain by 
the FFT is represented as follows:

 (10)

where  is the frequency-domain 
signal, and  is the time-domain signal. The 4-times 
oversample is performed to form a spectrum with a roll-
off rate of zero [1]. The reason why the position to insert 
nulls is in the middle of the symbol is that the data 
position in the frequency domain of the FFT block in 
MATLAB/Simulink is as depicted in Figure 3. The FFT 
size in Figure 3 is 256. 

As depicted in Figure 3, the nulls in the 4-times 
oversample are arranged outside the original data, so 
that the side lobe of the transmission spectrum can be 
suppressed. In this paper, the processing to insert nulls 
on the frequency domain is called the frequency domain 
filtering.

The frequency domain filter is equivalent to multiplying 
a rectangular wave in the frequency domain, as depicted 
in Figure 4. The signal on the frequency domain after 
4-times oversample is represented as follows:

 (11)
where

 (12)

The inverse Fourier transform of (12) is represented as

 (13)

where =  and  is the sampling interval. If  is 
the inverse Fourier transform of , then

 (14)
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As  is the discrete signal,  Then, 

 (15)

where  IFFT size increases to 4N, which is the 
size of 4-times the oversample. As indicated in (15), the 
time-domain signal after the frequency domain filter is 
represented by the sum of the sinc function. As shown in the 
red waveform in Figure 5, the output signal is formed so as 
to smoothly complement between the original signals.

Figure 6 depicts the actual time-domain signal after 
the frequency domain filtering. The red waveform is the 
signal before the frequency domain filtering, and the 
blue waveform is the signal after the frequency domain 
filtering. As indicated in Figure 6, the oversampling 
interpolates the part of the transient response between 
the original signal points, i.e., the 4-times oversample 
interpolates three points between two signal points.

Figure 2. Configuration of DFT-s-OFDM

Figure 3. The data position of the FFT block

Figure 4. Spectrum with the digital filter

Figure 5. Time domain signal , as in (15)

Figure 6. the signal after the frequency domain filtering

5. Proposed Method

In this section, our proposed SSB modulation scheme 
using the frequency domain filtering is described. In 
the proposed method, the SSB modulation processing 
is incorporated into the frequency domain filtering, by 
utilizing the complex conjugate centered on Direct Current 
(DC) component of the spectrum of the Amplitude-Shift 
Keying (ASK). 

On the transmitter side, the signal  when FFT is 
applied is represented as (10). Here, assuming that the 
ASK signal is , the frequency component  is the 
complex conjugate centered on N/2 as depicted in Figure 
7 since  does not have the quadrature component. 
In order to perform SSB modulation processing on the 
frequency domain filtering, only the data  with 

 is used from  as depicted in Figure 8, 
and the other data are removed by multiplying by zero. 
Then, when  is converted into the time domain signal 
by IFFT, the original signal  is generated on the in-
phase component and the Hilbert component  is 
generated on the quadrature component. 

In this way, the spectrum of the SSB modulation 
signal is formed after the quadrature multiplexing. On the 
other hand, in the case of the symbol of QAM containing 
the quadrature component, the signal on the frequency 
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domain is asymmetric centered on DC so that the SSB 
modulation processing cannot be performed. In this paper, 
the frequency domain filtering is contained both the above 
SSB processing and 4-times oversample. The part of the 
proposed transmitter configuration is depicted in Figure 9.

On the receiver side, the spectrum copy is introduced as 
a demodulation method of Received signal . As can be 
seen from Figure 10, the spectrum copy complements the 
complex conjugate data of the original received signal  
with the part removed by the transmitter side. Since the in-
phase component is the original signal  on the receiver 
side, the demodulation is possible without implementing the 
spectrum copy that uses the quadrature component. However, 
the spectrum copy is needed to improve the CNR by 3dB on 
the receiving side. The reason for the improvement in CNR 
is that the proposed demodulation method is almost the same 
as the DB-SSB modulation scheme [12]. The variance  is 
doubled and the average amplitude  of the signal is also 
doubled in AWGN channel environment by implementing 
the spectrum copy that mixes the in-phase component and the 
quadrature component. Therefore,  is improved 
by 3dB.

In addition, The SSB processing by the proposed 
frequency domain filtering improves PAPR over the 
conventional SSB modulation scheme. Figure 11 
compares the 4-times oversampled baseband time domain 
signals of the conventional SSB modulation method 
and the proposed SSB modulation method. Since the 
SSB processing by the frequency domain filtering can 
be performed before D/A conversion, the peak power 
generated by SSB modulation processing is reduced.

Figure 7. Spectrum of ASK signal with complex conjugate

Figure 8. Spectrum of SSB-modulated ASK signal

Figure 9. Transmitter configuration using the frequency 
domain filtering

Figure 10. Spectrum copy

Figure 11. Comparison of the conventional SSB 
processing and the proposed SSB processing

6. Results

In this paper, the spectrum, PAPR, BER performance 
of the SSB 16PAM signal using the frequency domain 
f i l ter ing are  conf i rmed.  Under  AWGN channel 
environment, BER performance of the proposed scheme 
is superior by 3 dB in terms of CNR to DSB 256QAM 
scheme with the same frequency efficiency and same 
PAPR.

6.1 Simulation Specification

A simulation using MATLAB/Simulink was performed 
for our proposed method. Table 1 illustrates the simulation 
specifications used in this research. As illustrated in Table 
1, the SSB 16PAM is compared with the DSB 256QAM. 
Similarly, other PAM-based SSB modulation methods are 
compared.
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Figure 12 depicts a block diagram of the proposed 
system on the transmitter side. When evaluating the 
spectrum and BER performance, the proposed SC-FDMA 
SSB 16PAM depicted in (a) and SC-FDMA DSB 256QAM 
depicted in (b) are compared. On the other hand, when 
evaluating PAPR, the proposed SSB 16PAM depicted 
in (a) and the conventional SSB 16PAM depicted in (c) 
are compared. In this paper, Complementary Cumulative 
Distribution Function (CCDF) is used to evaluate PAPR. 
CCDF is represented as follows:

 (16)

where  is the probability density function of PAPR. 
CCDF indicates the probability that PAPR above a certain 
value PAPR0 is present in the symbol. 

Figure 13 depicts a block diagram of the proposed 
system on the receiver side. The interleave function in 
Figure 13 regenerates complex conjugate components 
which were removed in the transmitter side. Here, the 
regeneration is performed by permutation of the first half 
of N point FFT components as shown in Figure 10.

Table 1. Simulation Specification

Parameter Proposed system Comparison system

Primary 
Modulation

(4PAM,8PAM),
16PAM

 (16QAM,64QAM),
256QAM

Secondary 
Modulation

SC-FDMA with SSB 
Modulation

SC-FDMA

FFT Size 64 64 

IFFT Size 256 256 

Data Rate 4Mbps 4Mbps 

Carrier 
Frequency

40.25 MHz 40 MHz

Data Size Single Carrier Single Carrier

Channel Model AWGN AWGN

6.2 Simulation Results

Figure 14 depicts the spectrum of the SC-FDMA SSB 
16PAM and SC-FDMA DSB 256QAM. Figure15 depicts 
CCDF of the proposed method. Figure 16 depicts the BER 
performance in the CNR of the proposed method. Figure 
17 depicts the BER performance in the case of other 
modulation orders.

(a) Proposed SC-FDMA SSB 16PAM

(b) SC-FDMA DSB 256QAM

(c) Conventional SC-FDMA SSB 16PAM
Figure 12. Block Diagram on the Transmitter Side

Figure 13. Block Diagram of the Proposed System on the Receiver Side
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As observed from Figure 14, it can be seen that the 
proposed method forms the spectrum with roll-off rate of 
zero. In the spectrum of the proposed method, the left side 
of the main lobe suppresses the side lobe by the 4-times 
oversample, and the right side suppresses the side lobe 
by SSB modulation processing. Since the radiation level 
of the side robe is lower than 40dBm, the spectrum of the 
proposed method is considered to satisfy the spectrum 
mask that defines the upper limit of the allowed radiation 
level. In addition, since the spectrum bandwidths of SC-
FDMA SSB 16PAM and SC-FDMA DSB 256QAM are 
the same and have the same data rates from Table I, it 
can be confirmed that those spectrum efficiencies are the 
same. 

As observed from Figure 15, focusing on PAPR0 
with respect to 0.01 of CCDF, it can be seen that the 
proposed SSB modulation method is 2dB superior to 
the conventional SSB modulation method that performs 
Hilbert transform after D/A conversion. The proposed 
method has PAPR equivalent to SC-FDMA DSB 
256QAM by suppressing the peak signal generated by 
Hilbert transform, which is a drawback of SSB modulation 
scheme.

As observed from Figure 16, focusing on 0.001 of BER, 
it can be seen that the SC-FDMA SSB 16PAM has 3dB 
better BER performance under the AWGN environment in 
CNR than the SC-FDMA DSB 256QAM. The reason why 
the BER performance of the proposed method is superior 
to that of the comparison method is that the proposed 
method implements the spectrum copy on the receiver 
side. When the spectrum copy is performed on the 
received signal, the data is supplemented to the part on the 
frequency domain that was removed on the transmitting 
side, so the signal amplitude  after the spectrum copy 
is doubled. In contrast, the noise applied to the receiving 
side is different between the in-phase component and the 
quadrature component, and the variance  is doubled 
at the time of spectrum copy. Therefore, CNR of the 
proposed method can be improved by 3dB.

As shown in Figure 17, it is confirmed that the BER 
performance of the proposed SSB M-PAM methods is 
3dB superior to that of the corresponding DSB M-QAM 
methods even if the number of the modulation order 
changes.

Finally,  the proposed method and the Q-SSB 
modulation method described in Section Ⅱ are compared. 
Since the Q-SSB modulation method using the turbo 
equalization contains Hilbert components in each of the 
in-phase component and the quadrature component, the 
eye pattern is significantly deteriorated and the BER 
performance is also deteriorated when the roll-off rate 

is low [7]. However, in the proposed method, the original 
signal and its Hilbert component are separated into the 
in-phase component and the quadrature component. 
Therefore, it can form the practical spectrum with a 
roll-off rate of zero without deteriorating the BER 
performance.

Figure 14. Spectrum of the proposed method

Figure 15. CCDF of the proposed method

Figure 16. BER performance of SSB 16PAM and DSB 
256QAM
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Figure 17. BER performance in the case of other 
modulation orders

7. Conclusions

In this Paper, 16PAM-based SSB modulation scheme 
using the frequency domain filtering is proposed. The 
proposed method prevents the deterioration of the quality 
due to the extra Hilbert component, and suppresses the 
peak power generated by the Hilbert transform. It has been 
confirmed that the BER performance of the SC-FDMA 
SSB 16PAM is superior by 3dB to the SC-FDMA DSB 
256QAM for the same spectral efficiency and PAPR. Its 
characteristic of the proposed method is the same even if 
the modulation order changes. Therefore, in the case of a 
single-carrier transmission, it is considered that the PAM-
based SSB modulation scheme is superior in terms of the 
quality to the QAM-based DSB modulation scheme.
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