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Abstract: To further meet the large capacity, high spectrum efficiency (SE), reduce the signal-
signal beat interference (SSBI) of the independent dual single sideband (ISB) system and the
complexity of the receiver, we propose an iterative signal-signal beat interference counteraction
(ISSBIC) algorithm to suppress SSBI. The 16-Gbps left sideband and the 16-Gbps right sideband
signals in the ISB system are quadrature phase-shift keying (QPSK) modulated. After standard
single-mode fiber (SSMF) transmission, the LSB and RSB signals are synthesized to a 16-
quadrature amplitude modulation (QAM) signal after conversion through the photodetector (PD)
square law. The simulation results show that the ISSBIC with just 2 iterations is superior to
Kramers–Kronig (KK) receiver in processing the system error bit. In the meantime, the ISSBIC
requires a sampling rate of 20GSa/s, whereas KK requires 40GSa/s. Moreover, the proposed
ISSBIC algorithm has a simpler complexity. According to the simulation results, the suggested
ISSBIC receiver can lower the ADC requirements and system costs, which opens up a wide range
of applications in multiplex and higher SE transmission systems.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

In recent years, demand for mobile communications capacity is rising rapidly, driven by emerging
broadband applications such as cloud computing, the Internet of things and augmented/virtual
reality [1–4]. People usually have higher requirements on the transmission rate and system
bandwidth of optical communication. A lot of work has been devoted to the development
of advanced optical communication receivers to improve the performance of optical fiber
communication. Compared with coherent reception [5–7], direct detection (DD) is widely
favored due to its low cost and flexibility. Research on optical independent sideband (O-ISB)
modulation has been quite active recently. Because single sideband (SSB) modulation only
uses one side band for information transmission, spectrum resources are wasted [8,9]. Device
costs are certainly raised by the requirement for two optical bandpass filters (OBPFs) and two
photodetectors (PDs) in the classic independent dual SSB system [10]. By transferring distinct
data over the left and right side bands, O-ISB modulation significantly increases spectrum
efficiency (SE) while avoiding the aforementioned drawbacks. In addition, a straightforward
digital signal processing (DSP) is used at the receiver end to store the signal rather than two
sharp, narrow OBPFs.

Nevertheless, because of the photodetector’s beat effect at the receiving end, signal-to-signal
beat interference (SSBI) poses a significant challenge in the system mentioned above [11–13].
To suppress SSBI, many schemes have been proposed. A carrier-suppressed single sideband
transmission scheme is proposed to reduce the impact of beat interference by inserting a frequency
interval, but this scheme can sacrificed SE [14]. There have been several demonstrations that
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Kramers Kronig (KK) receiver is an effective scheme [15–19]. In [16], KK algorithm was
introduced into the receiver, which effectively mitigated SSBI under the minimum phase condition,
but there were certain requirements for carrier power in this design. In [19], the first all-analog
KK signal processor has been proven suitable for SSB DD optical communication systems again.
The results have shown that it can reduce the symbol error rate of a 16QAM system running
at 500Mbit/s by at least a factor ten. Another attractive approach is to use an iterative form to
remove crosstalk [20–22]. In [20], an iterative elimination algorithm was used to slow down the
receiving scheme of SSBI while improving SE, but the number of iterations in this scheme may
increase the complexity of the receiver. In [21], the concept of iterative linear equalizer based on
first-order linear equalizer was proposed. In short, it is to make repeated use of first-order linear
equalizer to achieve better SSBI mitigation effect, but the complexity of receiver DSP algorithm
is increased due to the introduction of multiple iterative operations. The problem is similar to
[20].

In the study, we successfully implement an ISB system based on a low complexity receiver. At
the transmitter end, the left sideband (LSB) 4QAM and right sideband (RSB) 4QAM signals
simultaneously carry individual data and add a virtual carrier (VC) on one side of each side
band. At the receiver end, a single PD is used to receive the signal and separate the left sideband
(LSB) and right sideband (RSB) signals by DSP in the electrical domain. In addition, the scheme
effectively eases the resolution requirement for the DAC on the transmitting side because the
higher-order QAM signal is synthesized by first generating the low-order QAM sideband signal
in the electrical domain and then mixing it with PD, as opposed to generating and transmitting
the higher-order QAM signal directly.

The remainder of this article is organized as follows. The relevant principles are described in
Section 2. The simulation setup for the ISB system is described in Section 3 The simulation
results are analyzed in Section 4. Section 5 concludes the article.

2. Principle

2.1. ISB DD with virtual carrier

At the transmitter end, the radio frequency (RF) signal consists of a modulated HF signal and a
VC. At the receiver end, the LSB, RSB signals and the corresponding VC beat each other at the
PD generating the intermediate frequency (IF) signal. The IF signal is easy to be overlapped with
SSBI, which interferes with the demodulation of the signal. Figure 1 illustrates the principle of
photonic frequency down conversion. A VC is added to each side of a pair of HF signals with
bandwidth B respectively. The frequency interval between the VC and the HF signal can be
adjusted arbitrarily. Then the HF signal and the added VC beat each other at the PD to complete
the down-conversion.

Fig. 1. Spectrum of ISB signal before and after PD square-law detection based on photonic
frequency down-conversion. Here, fL and fR are virtual carriers.

Since the square law of PD causes SSBI to be created during the conversion process. If
the frequency interval is less than 1.5B, the converted IF signal frequency will overlap with
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SSBI partly. If the frequency interval is 0 GHz, the converted signal the converted signal will
completely overlap with the SSBI. When the frequency interval exceeds 1.5B, the received IF
signal frequency after down-conversion remains quite high, which can have a significant impact
on the cost of receiver. Therefore, the frequency interval should be narrowed between the VC and
the HF signal as much as possible. The ISSBIC algorithm is mainly considered in our scheme.

2.2. Principle of the proposed scheme

Figure 2 depicts the process of SSBI reconstruction and elimination by ISSBIC and KK algorithms.

Fig. 2. Block diagram of SSBI suppression algorithm. (a) the KK scheme. (b) the ISSBIC
scheme. H(*) represents a Hilbert transform. | ∗ | stands for absolute value. Filter(*)
represents a single sideband filter. α and λ represent the ratio factor.

It is evident from Fig. 2(a) that the KK relation describes the phase reconstruction and can be
used to recover the signal’s phase from its intensity. To further improve the preformance, direct
current (DC) can be added during the reconstruction step to remove the phase jump inaccuracy.

Figure 2(b) shows the ISSBIC scheme, the core concept is to save the intensity information of
received signal, iteratively reconstruct and cancel SSBI using a single sideband filter and varying
rating factors after each iteration.

First, the photocurrent after PD is divided into two channels. One signal is allowed to pass
through a single side band filter and its amplitude is controlled by a rating factor, as shown in
Eq. (1).

S(t) = F(I(t))/α1 (1)
where I(t) is the photocurrent after PD injection, F(*) and α1 represent a single sideband filter
and the rating factor of the first iteration respectively.

The first SSBI estimation is obtained from another signal, as shown in Eq. (2).

SSBI1 = F[abs(I(t))2/α1] (2)

The second SSBI estimation is obtained from another signal, as shown in Eq. (3).

SSBI2 = F[abs(S(t) − SSBI1)
2/α2] (3)

where α2 represents the rating factor of the second iteration.
Therefore, it is not difficult to obtain the nth SSBI estimation, as shown in Eq. (4).

SSBIn = F[abs(S(t) − SSBIn−1)
2/αn] (4)

where the number of iterations is less than 1, the SSBI value is set to 0, αn respresents the rating
factor of the nth iteration. As the number of iterations tends to infinity, SSBIn tends to SSBI.
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Finally, SSBI is subtracted from the signal after PD to eliminate crosstalk, where the value of the
ratio factor is re-selected after each iteration to approximate the SSBI.

2.3. Principle of the ISB signal generation

Figure 3 illustrates the principle of the ISB system. Here, (I), (II), (III), (IV), (V) represent the
spectrogram of the RSB signal, the LSB signal, the modulated independent dual-SSB signal,
the modulated independent dual-SSB signal after I/Q modulation and the received signal after
PD, respectively. First, at the transmitter end, two independent pseudo-random binary sequences
(PRBSs) are mapped by QPSK, upsampled and root raised cosine (RRC) filtered to generate LSB
and RSB signals. Then, the generated signals are up-converted to RF signals by mixing with two
carriers that are in the complex sinusoidal form: exp(−2πfst) and exp(2πfst). The LSB and RSB
signals can be expressed as follows:

EL(t) = exp[jψL(t)] exp[−jωs(t)] (5)

ER(t) = exp[jψR(t)] exp[jωs(t)] (6)

where ψL(t) and ψR(t) denote the phase of the LSB and the RSB signals respectively. Here,
ωs(t) = 2πfs(t), R> 0, R= -L. Then, virtual carriers (VCs) are added to the LSB and the RSB
signals respectively. Therefore, the LSB and the RSB signals after the VCs are added can be
expressed as follows:

EL(t) = exp[jψL(t)] exp[−jωs(t)] + exp(jΦL(t)) (7)

ER(t) = exp[jψR(t)] exp[jωs(t)] + exp(jΦR(t)) (8)

E(t) = EL(t) + ER(t) (9)

where ΦL(t) = 2πfL(t), ΦR(t) = 2πfR(t), ΦL(t)=−ΦR(t) Here, Eq. (9) describes the drive signal of
the I/Q modulator. The output signal through the I/Q modulator can be written as:

EIQM(t) ≈ ECW (t){J−1(α)[exp(−jωs(t) + jψL(t))
+ exp(jΦL(t)] + J1(α)[exp(jωs(t) + jψR(t))
+ exp(jΦR(t))]}

(10)

where J−1(α) and J1(α) are Bessel function of the first class, α is the modulation coefficient.
Then the output signal is directly fed into the PD. Assuming that a low bandwidth PD is used,
the high-order terms generated from the cross-beating between the LSB and RSB signals can
be removed. The DC component can be filtered. Therefore, the simplified photocurrent can be
expressed as:

i(t) ≈ R · J2
−1(α){cos((ωs + ΦL)t − ψL(t)+

cos((ωs − ΦR)t) + ψR(t)) − 2 cos(ψL(t) + ψR(t))
(11)

where R is the PD responsivity. Here, the first two terms are the desired signal and the third term
is SSBI which can be suppressed by ISSBIC or KK in Eq. (11).

2.4. Principle of the synthesized 16QAM signal

One constellation point of LSB signal and one constellation point of RSB signal can completely
modulate each constellation point of 16QAM signal, as shown in Fig. 4. The mapping relationship
between the transmitted and received signals is indicated by the colors and positions of the
synthesized points in the various constellations. For example, the test constellation point in
the diagram is a superposition of a blue constellation point for symbol 0 in the LSB and a red
constellation point for symbol 2 in the RSB.
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Fig. 3. Scheme of the ISB signal generation. (I) The electric spectra of the RSB signal.
(II) The electric spectra of the LSB signal. (III) The electric spectra of the ISB signal. (IV)
The optical spectra of the signal after IQ Mod. (V) The electric spectra of the received
synthesized signal after PD.

Fig. 4. Schematic diagram of 16QAM signal synthesis.

3. Simulation setup

The simulation setup of proposed scheme is shown in Fig. 5. To verify the proposed scheme,
corresponding simulation experiments were carried out to generate a 16QAM signal from two
8-Gbaud independent dual ssb QPSK signals, and the receiving PD directly detected the reception
based on frequency conversion and ISSBIC algorithm.

At the transmitter end, two independent bit sequences are generated by the random number
generator. QPSK modulation is performed on the two data channels respectively, and the relative
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Fig. 5. Simulation system diagram. LPF: low pass filter; SSMF: standard single-mode fiber;
EDFA: Erbium-doped fiber amplifier; VOA: Variable optical attenuator; PD: photodiode; (a)
Spectrum of RSB Up-conversion; (b) Spectrum of LSB Up-conversion; (c) the output singal
spectrum of I/Q MOD; (d) the electric spectra of the received signal with 0.5 GHz frequency
interval after PD; (e) the electric spectra of the received signal with 40GSa/s and 0.5 GHz
frequency interval after KK; (f) the electric spectra of the received signal with 40GSa/s and
0.5 GHz frequency interval after ISSBIC.
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Fig. 6. BERs with ISSBIC and KK as a function of the CSR after 90 km SSMF. (a)
Constellation diagram with ISSBIC when CSR is 4 dB. (b) Constellation diagram with KK
when CSR is 4 dB.

power is adjusted. Then upsampling (64GSa/s) is performed, and the two baseband signals
are shaped by the pulse of RRC filter roll-off factor of 0.1 at a bit rate of 16Gbps. Next, the
baseband signals are converted to the desired LSB and RSB bands at −16 GHz and +16 GHz
respectively. VCs are added to one side of the LSB and RSB respectively. The left and right side
band HF signals and VCs are added to form the RF signal. The RF signal is divided into real and
imaginary components. The I and Q branches of the I/Q modulator are driven by an electrical
amplifier (EA) and a low-pass filter (LPF bandwidth< 20 GHz). An external cavity laser with a
linewidth of 100KHz and optical power of 16dBm is used, and the emission frequence of the
laser is 193.1THz. The half-wave voltage of I/Q modulator is set to 2.5 Volts. The I/Q modulate
works at the lowest bias point.

After 90 km SSMF transmission, Erbium-doped fiber amplifier (EDFA), variable optical
attenuator (VOA) are uesd to compensate optical power loss of transmission link and adjust the
input optical power respectively. Then OBPF (bandwidth< 35 GHz) is used to constrain the
bandwidth of optical signal before it is transmitted into PD. At the receiver end, the received
signal is first resamped. Next, ISSBIC and KK algorithms are used to suppress SSBI respectively.
After SSBI is eliminated, down-conversion, down-sampling, retiming, cascading multimode
algorithm (CMMA), blind phase search (BPS) are performed on the signal, and then the LSB
and RSB signals are separated from the 16QAM signal. Finally, the BER of the two sidebands is
calculated.

4. Simulation results

Initially, we tested the relationship between the VC to HF signal power ratio (CSR) and BER. We
set the frequency interval to 0 GHz, which indicates that the VC is particularly close to the signal
bandwidth. This lowers the frequency of the low-IF signal following PD. The input optical power
of PD is fixed at −13dBm. The number of iterations of ISSBIC is set to 2.

The OSNR and signal rate are set to 40 dB and 8-Gbaud. The resampling rate of the receiver end
before being processed by KK and ISSBIC algorithm is set to 40GSa/s and 20GSa/s respectively.
We keep the HF signal power constant and adjust the CSR by changing the VC power. The
measured BER curve is shown in the Fig. 6. It is evident that when the CSR increases, the BER
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Fig. 7. BERs with ISSBIC and KK as a function of the OSNR after 90 km SSMF. (a)
Constellation diagram with ISSBIC when OSNR is 34 dB. (b) Constellation diagram with
KK when OSNR is 34 dB.

Fig. 8. BERs with ISSBIC and KK as a function of the ER after 90 km SSMF. (a)
Constellation diagram with ISSBIC when ER is 30 dB. (b) Constellation diagram with KK
when ER is 30 dB.

of the LSB and RSB signals initially decreases and subsequently increases. It is evident that
ISSBIC inhibits SSBI more effectively than the KK algorithm. Furthermore, 4 dB and 6 dB are
the ideal CSR values for the ISSBIC and KK. It suggests that the KK algorithm needs more VC
power, which translates to a higher system energy usage. In addition, the ISSBIC only requires
two iterations.

Next, we measured the relationship between the OSNR and BER. The CSR is set to 4 dB and
the other simulation conditions are the same as the previous one. It can be seen from the Fig. 7
that ISSBIC with 2 iterations requires a lower OSNR than KK (approximately 4 dB lower), and
KK also has a greater sampling rate when the BER of both the LSB and RSB signal are below
the threshold.
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Fig. 9. BERs with ISSBIC and KK as a function of the Sampling Factor after 90 km SSMF.
(a) Constellation diagram with ISSBIC when Sampling Factor is 2.5. (b) Constellation
diagram with KK when Sampling Factor is 5.

Then we analyzed the effect of different ExtinctionRatio (ER) values on the BER. To better
compare the two algorithms, the OSNR is fixed at 40 dB and other conditions remain unchanged.
The impact of ER on the performances of KK and ISSBIC with 2 iterations is shown in Fig. 8.
When ER is 20 dB and 30 dB, the BER of ISSBIC and KK can fall below the threshold respectively.
Obviously KK requires a higher ER value than ISSBIC. Consequently, the latter has better
robustness.

In the next stage, we evaluated the effect of different Sampling Factors on the BER. The BER
curve trends of KK with regard to the sample rate and ISSBIC with two iterations are clearly
different, as shown in Fig. 9. The BER of the KK algorithm steadily drops as the sampling factor
rises. The best results are obtained when the sample rate is 40GSa/s (sampling factor is 5). The
ISSBIC trend is reversed, with the best performance at a sampling rate of 20GSa/s (sampling
factor is 2.5). In the case of two iterations, the sampling rate required for ISSBIC to achieve
optimal performance is half of KK.

The relationship between the variation of RF signal power and the BER is depicted in Fig. 10.
The power ratio (PR) represents the amplification factor of the power of the RF signal. From
the general trend, the BER curves of ISSBIC and KK both decrease first and then increase with
the increase of PR. The optimal PR values for ISSBIC and KK are 0.5 and 0.7 respectively, and
obviously the RF signal power of ISSBIC is lower, which implies that it uses less power and is
less expensive for the system.

The Fig. 11 shows the relationship between the received optical power (ROP) and the BER
curve after the signal has been transmitted for 90 km SSMF. Since the average power of LSB
signal is less than the average power of RSB signal, the anti-interference ability of LSB signal is
weaker. Therefore, the BER of RSB signal is lower than LSB signal. With the increase of optical
power, the BER gradually decreases. The BER performance of ISSBIC is lower than that of KK
when the number of iterations is 1, particularly the BER of the LSB singal is consistently higher
than the threshold. The BER of ISSBIC tends to be well as the number of iterations grows. In
terms of performance, ISSBIC with 2 iterations beats KK and the sampling rate is lower. Due
to the excessive number of iterations increasing the complexity of the system, and since the
algorithm’s performance has already met expectations after two iterations, we will not discuss
cases with more than two iterations.
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Fig. 10. BERs with ISSBIC and KK as a function of the PR after 90 km SSMF. (a)
Constellation diagram with ISSBIC when PR is 0.4. (b) Constellation diagram with KK
when PR is 0.4.

Fig. 11. BERs with ISSBIC and KK as a function of the ROP after 90 km SSMF. (a)
Constellation diagram without ISSBIC and KK when ROP is −13dBm. (b) Constellation
diagram with KK when ROP is −13dBm. (c) Constellation diagram with ISSBIC when
ROP is −13dBm and the number of iterations is 1. (d) Constellation diagram with ISSBIC
when ROP is −13dBm and the number of iterations is 2.
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5. Conclusion

In this paper, a simple structure of ISB signal modulation and demodulation scheme is developed.
In the aforementioned framework, a 8-Gbaud 16QAM signal is synthesized from two low-order
signals via DD using a I/Q modulator. Concurrently, virtual carrier and signal carrier are used
to strike each other in the PD to complete down-conversion technology before DSP to improve
spectrum utilization. In DSP, SSBI is eliminated in DSP by employing an iterative approach
before traditional equalization. The simulation results indicate that ISB tramission system with
VCs employing ISSBIC technique performed well. ISSBIC with 2 iterations just needs half the
sampling factor of KK technique to achieve optimal effect. In addition, the PR and ER values
required by ISSBIC technique are also lower, so the system has well robustness. The transmission
distance reaches 90 km SSMF, which basically meet the demand of short and medium-range
optical communication. We believe this research has huge market prospects and application
potential.
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