IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received September 30, 2019, accepted October 30, 2019, date of publication November 12, 2019, date of current version

November 27, 2019.

Digital Object Identifier 10.1109/ACCESS.2019.2953100

Theoretical CSPR Analysis and Performance
Comparison for Four Single-Sideband

Modulation Schemes With
Kramers-Kronig Receiver

DONGXU LU, XIAN ZHOU"'1, (Member, IEEE), JIAHAO HUO', JIE GAO',YUQIANG YANG',
KE HE', JINHUI YUAN"'!, (Senior Member, IEEE), KEPING LONG’, (Senior Member, IEEE),
CHANGYUAN YU'“2, (Member, IEEE), ALAN PAK TAO LAU"3, (Member, IEEE),

AND CHAO LU?, (Senior Member, IEEE)

! Beijing Engineering and Technology Research Center for Convergence Networks and Ubiquitous Services, University of Science and Technology Beijing,

Beijing 100083, China

2Photonics Research Centre, Department of Electronic and Information Engineering, The Hong Kong Polytechnic University, Hong Kong
3Photonics Research Centre, Department of Electrical Engineering, The Hong Kong Polytechnic University, Hong Kong

Corresponding authors: Xian Zhou (zhouxian219 @ustb.edu.cn) and Ke He (heke @tsinghua-eiri.org)

This work was supported in part by the National Natural Science Foundation of China under Grant 61671053 and Grant 61871030, in part
by the Fundamental Research Funds for the Central Universities under Grant FRF-GF-18-015B, in part by the State Key Laboratory of
Advanced Optical Communication Systems Networks, China, and in part by the Open Fund of State Key Laboratory of Information

Photonics and Optical Communications under Grant IPOC2018B009.

ABSTRACT Recently, high-speed optical transmission using single-side-band (SSB) modulation with
Kramers-Kronig (KK) scheme has gained great attention due to its high spectral efficiency (SE) and
capability of electronic chromatic dispersion compensation (CDC), which can be widely employed in
optical metro networks as a promising transmission scheme. To our knowledge, the carrier-signal power
ratio (CSPR) is the key parameter to SSB-based systems and the optimum CSPRs can vary distinctly
in different SSB modulation schemes. In this paper, the SSB-based KK systems with four kinds of SSB
signal generation schemes are investigated, i.e. optical carrier-assisted SSB (OCA-SSB), virtual carrier-
assisted SSB (VCA-SSB), SSB subcarrier modulation (SSB SCM) with IQ modulator (IQM) and with
dual-drive Mach—Zehnder modulator (DDMZM) respectively. Here, the detailed theoretical derivations of
these modulation processing are given and the theoretical relationship between device parameters and the
CSPR has been further studied for the different SSB schemes. In order to verify those theoretical analyses,
a224-Gb/s direct detection (DD) transmission with SSB 16-ary quadrature amplitude modulation (16-QAM)
signal has been demonstrated based on four SSB generation methods. The results show that theoretical
derivations are closely consist with numerical analysis, such as Vs in the scheme of SSB SCM with IQM
and optical modulation index (OMI) in SSB SCM with DDMZM. Therefore, our research can provide a
theoretical guidance of appropriate device parameter configuration so as to achieve the optimum performance
for SSB systems.

INDEX TERMS Direct detection, single sideband, IQ modulator, DDMZM, Kramers-Kronig.

I. INTRODUCTION

To satisfy the ever-growing capacity demand for cloud ser-
vice and data-center interconnect (DCI) applications, short-
reach optical communication based on direct detection (DD)
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has drawn more and more attention recently [1]. For
such scenarios, the cost-effectiveness is the crucial require-
ment combined with low power consumption. To achieve
this, the system complexity of optical transmission archi-
tecture needs to be relatively simple with low-cost and
low-complexity components. In comparison with coher-
ent detection, DD systems using only one single-ended
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photodiode and one analogue-to-digital converter (ADC) are
potentially more preferable for optical access/metro network
and data center interconnecting due to its simpler system
structure and significant lower system cost [2].

During recent years, various advanced modulation for-
mats have been investigated to achieve high spectral
efficiency (SE) in DD systems [3]-[6], such as dis-
crete multi-tone (DMT) [7]-[9], carrier-less amplitude
and phase (CAP) modulation [10]-[12], quadrature ampli-
tude modulation (QAM) [13]-[16], subcarrier modula-
tion (SCM) [17]-[19], and pulse-amplitude modulation
(PAM) [20]-[22]. Besides, single-side-band (SSB) modula-
tion is becoming a promising scheme because of its improve-
ment of the SE and resistance to chromatic dispersion.
In general, several ways for generating SSB signal can be
summarized into four categories in terms of the different
signal filtering schemes (using the optical filter [23], [24] or
digital filter [25]-[27]) and different carrier addition meth-
ods (adding the optical carrier [28], [29] or digital car-
rier [30]-[32]). The first approach is widely regarded as a
straightforward technique, which uses an optical band-pass
filter (OBPF) to remove one sideband from the double side-
band (DSB) signal in the optical field. Except the additional
cost of optical filter, when the spectrum gap between the
carrier and SSB signal becomes narrow, the sideband sup-
posed to be removed will have some residual due to the non-
ideal optical filter characteristics. Unlike the first approach,
adigital SSB filter based on Hilbert transformation is adopted
at the transmitter (Tx) of the second approach, the repre-
sentative of which is regarded as SSB SCM scheme in the
recent research [33], [34]. This scheme employs an in-phase
quadrature modulator (IQM) or dual-drive Mach—Zehnder
modulator (DDMZM) to map SSB digital signal linearly into
the optical field [35]. The third approach with an optical
carrier added to the edge of signal spectrum can generate
an optical carrier-assisted SSB (OCA-SSB) signal [28]. The
last approach generates a digital tone acting as a virtual
carrier together with the transmitted signal at the Tx [36],
which is named the virtual carrier-assisted single sideband
(VCA-SSB) method in this paper.

However, the SSB DD system still has an obvious
drawback to degrade system performance, which is the
signal-signal beat interference (SSBI) introduced by pho-
todetector (PD) square-law detection. Several SSBI cancel-
lation techniques have been extensively proposed, such as
the single-stage linearization filter, the iterative linearization
filter, the two-stage linearization filter, the SSBI estimation
and cancellation technique and the Kramers-Kronig (KK)
scheme [37]-[42]. Among these SSBI cancellation tech-
niques, KK scheme is considered as the best solution of
SSBI migration techniques in Ref. [43], which has smaller
carrier-signal power ratio (CSPR) and lower digital signal
processing (DSP) algorithm complexity compared with the
other techniques. The most outstanding character of KK
scheme is that the signal’s phase can be exactly recon-
structed from the detected amplitude waveform through
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the KK relation, when the carrier added to the edge of
information-carrying signal spectrum is large enough to sat-
isfy the minimum phase (MP) condition [44].

In this paper, four kinds of SSB generation schemes com-
bined with KK receiver have been investigated, which are
OCA-SSB, VCA-SSB, SSB SCM with IQM and SSB SCM
with DDMZM respectively. Based on the transfer function of
modulator and SSB modulation principles, theoretical deriva-
tions of different modulation processing and the relationship
between the modulator parameters of the CSPR are proposed.
In particular, the calculation formulas of CSPRs in four SSB
systems are summarized. To verity the theoretical analysis,
a transmission with 224-Gb/s SSB 16-QAM signal has been
demonstrated on a unified optical system platform, in which
the BER performance versus the CSPR and optical signal-
to-noise ratio (OSNR) is given with detailed analyses. The
results show that the theoretical derivations are in good agree-
ment with simulation numerical analyses.

The rest of the paper is organized as follows. Section II
gives theoretical derivations of the modulation processing,
numerical analyses of the CSPR and relation between OSNR
and BER under different CSPRs. Section III presents the
DSP algorithms of the system simulation setup and the main
parameters of devices. In Section IV, parametric optimiza-
tions and evaluation of BER performance for four systems are
provided under different DSP configurations with the expla-
nation correspondingly. Finally, we summarize this work.

Il. THEORETICAL ANALYSES OF SSB DD SYSTEMS

Fig. 1 shows four implementation diagrams of SSB DD
systems along with illustrations for the spectrum of SSB
signal, namely, (a) OCA-SSB, (b) VCA-SSB, (¢) SSB SCM
with IQM and (d) SSB SCM with DDMZM. For simplicity,
the frequency of the added carrier offset in (a) and (b) and
subcarrier in (c¢) and (d) are set to be half of the bandwidth of
baseband signal (B / 2). Next, the relationship between BER,
OSNR and CSPR theoretically for SSB signals is given.

A. PRINCIPLE OF GENERATING SSB SIGNAL
At first, theoretical derivations of modulation processing and
CSPRs are given in detail based on four SSB schemes.

1) OCA-SSB WITH 1Q MODULATOR

Based on the transfer function of IQ modulator and SSB
modulation principles, when the extinction ratio (ER) is ideal
and the insert loss of modulator is neglected, the output of
IQM can be expressed as [45]

Eou(t) = %Emm B exp (J'Vlﬂ(‘ﬁ + vmm))
1 4
+ 5 &P <_JV_,T(V1 + Vlbias)>i|
+ lEin(t) [l exp <jl(VQ + VQbias))
2 2 Ve ’
1 o
+ 5 exp <_JV_,,(VQ + VQbias)>:|
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FIGURE 1. Different SSB generation techniques. (a) OCA-SSB. (b)VCA-SSB.
(c) SSB SCM with 1Q modulator. (d) SSB SCM with DDMZM.
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where Ej, (¢) is the input optical field, Eyy (¢) is the output
optical field, Vpias and V gpias are the DC bias voltage of
two parallel phase modulators (I and Q branches), V is the
half-voltage of the two electrodes, and Vy and Vg are two
electrical signals to drive the modulators.

By setting Vipias = VoBias = —Vx /2 and assuming a
low-amplitude signal, Eq. (1) can be written as

Eou(t) = ’”(” [sm(—v,) +jsin (—VQ>}

(t) T
~ BTy v 2
2 Vpe——
TX signal
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FIGURE 2. Theoretical BER versus OSNR for 56 GBaud 16-QAM system
under different CSPRs.

where the Tx signal represents the output signal of the trans-
mitter. As is demonstrated in Fig. 1(a), the I/Q modulator is
biased at the null-point to suppress the optical carrier in the
OCA-SSB system. The optical SSB signal can be generated
by using an IQM with an additional optical tone appended
to the signal spectrum at the frequency of —B/2 and using
a polarization-maintaining optical coupler (PM-OC) to align
the polarization of carrier and signal at the transmitter side.
The extra optical carrier can be produced by an additional
laser or the optical frequency comb generation (OFCG),
which increases the cost in terms of system implementation.
In this scheme, the optical SSB signal and CSPR can be
written as

B
Sout(t) = |:Eoul(t) +Ajexp (jZn(—z)tﬂ exp(j2nfet) (3)

Pcarrier A%
CSPR[ == 1010g10 = lOlOglO pr——
signal |Eou (D)
4V2A3
= IOIOglo —_— (4)
72| Ein(t) - ()

where f. is the center frequency of CW1 in Fig. 2(a), A; is the
amplitude of the optical carrier generated by CW2 and s(¢) is
the baseband signal of bit-to-symbol mapping at a bandwidth
of B. In this model, the Tx signal and s(z) share the same
meaning.

2) VCA-SSB WITH IQ MODULATOR

Fig. 2(b), that is VCA-SSB, detailedly depicts a simple
but practical SSB system structure by adding a digital tone
as a virtual carrier together with the transmitted signal at
the Tx, which also employs only two DACs and one IQ
modulator (the same to OCA-SSB). Different from the first
method, the Tx signal of this scheme is written as s (¢) +
Aexp(j2m(B/2)t). The output of IQM and CSPR can be
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expressed as

Ein(t) m B .
Eou()=——1~ [S(l)+A2 exp <J27T(——)f)] exp(j27fet)
T
®)
P A3
CSPR; = 10log,, P“"”” = 101log _22 (©6)
signal |s(8)|

where A, is the amplitude of the virtual carrier. By com-
paring Eq. (4) and Eq. (6), we can draw a conclusion that
CSPR; can be influenced by not only the signal power,
optical carrier power and V; but also the input laser
power, yet CSPR; is only in relation to the former two
factors.

3) SSB SCM WITH 1Q MODULATOR

The SSB Nyquist pulse-shaped SCM schemes, also referred
as SSB SCM, can achieve the SSB generation by using an
IQM or a DDMZM, which are demonstrated in Fig. 2(c) and
Fig. 2(d) respectively. The two SSB Nyquist baseband signals
are both up-converted to a subcarrier frequency (fi.) of B / 2
by multiplying exp (j2n (B / 2)t). Rather than the null-point,
the IQM or DDMZM is biased above or below the point to
induce the optical carrier.

Besides, as shown in Fig. 2, it’s worthy noted that the
analog bandwidth of technique (c) and (d) is twice that
of (a) and (b), because SSB SCM schemes transmit the
SSB signal to cause half of the bandwidth not to be utilized
while the carrier-assisted methods transmit the DSB signal
at the Tx. To adopt the transfer function of 1Q modulator in
Eq. (1), the output of the SSB SCM with IQM can be written

as
E;. (1) T
"; [cos (V_ﬂ(V’ + Vu;m))
. T
+jcos (_(VQ + VQbias)>:|
E;(t Vivi
_ m( ) VI Ibmsn _sin lV]
2 Vo Vr Vr
. VIbias . s VQbias
X sin cos | —Vp|cos | ——
‘ (vn ”>+’( (Vn Q) (vn ”)
. T . VQbias
— —V, — 7
Sm(w Q) Sm( Ve ”)ﬂ @

where the Tx signal of this SSB scheme can be expressed
as Vi + jVo = s(texp(i2m(B/2)r). Assuming that the
in-phase component V; and quadrature component Vg are
low-amplitude values, thus high order terms can be negli-
gible. Therefore, by setting Vpias = Vgias = Vbias the
second-order Taylor series expansion of E,, (f) is given
by

Eou(t) = m(t) |:< - E(V—HV )2) cos <.V‘}Z[asn>
< > : <Vb1as )
— | =Vi)sin T
Ve V,

Eoul(t) =

166260

((1 -3 Q)2)005<V‘l;:s77>
(7)o ()
V. Ve
- ’”(t)[(l+) (ﬁn)—i(w +jVo)sin
Ve Ve
< () -3 robvpeo(Sa)|
)

According to Eq. (8), we can deduce the formula of CSPR
in SSB SCM system with the IQM, which can be given by

2
’(l—w) cos (V’”‘"n)‘

P
CSPR3 = 10log;g " = 10logyq
signal ’L Sin(VhiaST[)‘ |S(t)|2
Vo \
2
=10log; 3 — ®

() an? (Y ) 1s)P

4) SSB SCM WITH DDMZM

Similarly, a DDMZM consists of two phase modulators,
driven by two independent electrical signals (V; and Vp),
the DC bias voltage of which are Vj,s1 and Vs respec-
tively. As is shown in Fig. 2(d), by setting Vpig2o—V pias1 =
V. /2 and assuming that the ER condition is ideal and the sig-
nal is low-amplitude, the second-order Taylor series expan-
sion of the DDMZM input—output relationship can be written
as

E,.0T 1
mz _exp (jV_n(Vl + Vbiasl))

Eout(t) =

7
+ exp <J_(V2 + VbiasZ))
Va

E,0T 1 V.
= % _exp <]V_ﬂ(V1 + Vbiasz — %))

.1
+ exp (]_(VZ + VbiaxZ))
Vi ]

E;, (1 T 72
in(0) [_j (1 Gy T

2 T
> V. V2 Vi ) eXP(IV—ﬂ Vbias2)
LT LT
+ |1 +JV_7,V V2 Vz eXp(]V_n Vbias2)

Ein(t)
€
2

m? 2 2
+V_§(]V1 —Vz)] (10)

T T
XP(iV—Vbiasz) [(1 -pH+ V—(Vl +jV2)
b

T

According to Eq. (10), if adopted in the carrier addition
method, the DDMZM can bring a large power penalty due to
the large DC component, and hence the CSPR is more diffi-
cult to meet the MP condition in KK scheme. So the DDMZM
is suitable for SSB SCM rather than the carrier-assisted SSB
system. Besides, optical modulation index (OMI) is a com-
mon parameter to measure the performance of the DDMZM,
which can be defined as OMI = V* / V., Vii* corresponds
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to the root-mean-square (RMS) of the electrical input to the
DDMZM. Therefore, the CSPR of SSB SCM with DDMZM
method can be deduced as

Pcarrier |1 _j|2
CSPR4 = 10logg —— = 10log
10 Psignal 10 (l)z |S(t)|2
2
2 2
= lO]OglO 2— = lOlOglO 20M12 (11)

(&) P

Based on the conclusion of CSPR3 and CSPR4, we can find
that the CSPR of SSB SCM with DDMZM is only related
to V, and the input electric signal and correspondingly the

CSPR of SSB SCM with IQM is relevant to the bias voltage
of IQM except the former two parameters.

B. THE RELATIONSHIP BETWEEN THE BER, OSNR AND
CSPR THEORETICALLY

In this paper, when referring to the OSNR, the power of signal
contains both the carrier and signal. For clear distinction,
OSNR quivalens here means the effective OSNR, which con-
tains the total signal power without the CW tone. Thus there
is a certain relationship between OSNR, OSNRcquivaiens and
CSPR, which can be expressed as [28]

Psignal + Pcarrier

OSNR = = (CSPR + 1)
P noise P noise

= OSNRequivalent x (CSPR + 1y
_ (CSPR+ 1) x EpRyp,
2]\,OBref

where E), refers to the average power per bit of the signal
in one polarization, R;, represents the bit rate, No means
the spectral density of the received amplified spontaneous
emission (ASE) noise in each polarization and B is the
optical bandwidth reference usually set as 0.1 nm.

Besides, we can also give the theoretical BER conclusion
of M-QAM signal

4vM —1)
VM logy M

To combine Eq. (12) and Eq. (13), we can get the relation-
ship between the OSNR and BER under different CSPRs in
theory. By setting the baud rate of 56 GBaud and increasing
CSPR from 0 dB to 12 dB, Fig. 2 demonstrates the theo-
retical relationship between this three key system parame-
ters on ideal conditions, in which Additive White Gaussian
Noise (AWGN) is the only noise source considered and SSBI
or other non-ideal system factors are not considered.

P signal

12)

BER =

3log,M E
o8 —”} (13)
M—-1 Ny

Ill. SIMULATION SETUP

The simulation setup and DSP block diagram are shown

in Fig. 3 and the main parameters are summarized in Table 1.

This is conducted by VPItransmissionMaker8.7 and Matlab.
At the transmitter, the data stream with a pseudo ran-

dom bit sequence (PRBS) length of 2!6—1 is mapped to

16-QAM symbols. Next 56 Gbaud 16-QAM symbols are
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FIGURE 3. Simulation setup and DSP of four SSB DD methods with 56
GBaud 16QAM signal.

TABLE 1. General simulation parameters of 224Gbit/s SSB dd systems.

Parameter Value

Baud rate 56 Gbaud
DAC/ADC sampling rate 112 GSa/s
The ENOB of DAC/ADC 6 bits

Laser linewidth 100 kHz
Laser Power 15 dBm
V,(IQM&DDMZM) 3V
Extinction Ratio (IQM & DDMZM) 30dB & 25dB
Noise figure of EDFA 5dB
Chromatic dispersion 17 ps/nm/km
PD responsibility 0.65 A/W
PD thermal noise 20 pA/HZ"?
PD dark current 10 nA

8 times up-sampled and digitally shaped using a root raise
cosine (RRC) filter with a roll-off factor of 0.01. For the Tx1
(OCA-SSB), the real and imaginary parts are fed into the
IQM directly, which is biased at its null-point to suppress
the optical carrier. And for the Tx2, a RF tone with the
frequency of 28.56 GHz (0.51x symbol rate (f)) is added,
which locates at the left edge of the signal band. In this case,
the IQM is also biased at its null-point. For the T x 3 and
T x 4, the baseband 16-QAM Nyquist signal is frequency up-
converted by multiplexing, where the subcarrier frequency is
also 0.51x symbol rate. Different from the first two methods,
SSB SCM with IQM offset the IQ modulator bias to generate
an optical carrier at the optical frequency of the transmitter
laser. For Tx4, according to Eq. (10), the DDMZM is biased
at the null point because of the self-contained DC component
during the optical modulation.

A laser with the center frequency of 193.1 THz (f,) and
a linewidth of 100 kHz is employed as the light source.
Especially for OCA-SSB, an additional laser with the same
frequency offset with the VCA-SSB is employed to generate
the optical carrier in Fig. 3. The SSMF has the dispersion
coefficient of 17 ps/nm/km and an attenuation coefficient of
0.2 dB/km. Besides, the nonlinearity of the fiber is neglected.
Here we add a variable optical attenuator (VOA) to set dif-
ferent OSNRs as shown in Fig. 3. An erbium-doped fiber
amplifier (EDFA) is utilized with the ASE noise figure of 5dB
and launch power of 1 mW. At the receiver, a 5-order
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FIGURE 4. BER versus DAC ENOB for four SSB systems in back-to-back
scenario.

Gaussian-shape optical band-pass filter (OBPF) with band-
width of 65 GHz is used to remove the out-of-band optical
noise. The optically filtered signal is then detected by a PIN
photodiode with responsivity of 0.65 A/W. Then, the received
electrical signal is further processed via Matlab. The sampling
rate and the effective number of bits (ENOB) of DAC are
112 GSa/s and 6 bits, respectively.

The Rx DSP includes signal resampling, KK scheme,
down conversion, CD compensation, time domain equal-
ization, BPS algorithm, QAM demodulation and BER
counting as shown in Fig. 3. Due to unwanted spectral
broadening induced by nonlinear operations in the KK algo-
rithm [41], [43], such as the logarithm and square root oper-
ation, the received signal is all up-sampled to 4 times per
symbol before KK receiver.

IV. RESULTS AND DISCUSSION
We first optimize the ENOB of DAC for four SSB sys-
tems in back-to-back (BtB) scenario at a OSNR of 34 dB
and launch power of 1 mW under each respective optimum
CSPRs in Fig. 4, which are 9dB, 8dB, 8.5dB and 11dB for
scheme (a)-(d). When the ENOB > 6 bits, the BER perfor-
mance tends to be stable for all the SSB generation schemes.
In particular VCA-SSB can be observed as the most sensitive
scheme to ENOB, mainly because the digital carrier added to
the Tx can compress the quantization interval of the effective
signal. Besides, we can see the BER curve of SSB SCM with
DDMZM is above the others’ due to a large DC component
included in the output of DDMZM according to Eq. (10).
Since higher CSPR lead to higher OSNR penalty, ASE noise
is the dominant factor at a low OSNR like 34 dB and hence
the influence of ENOB is not so such obvious. Although not
so obvious as the other three schemes in Fig. 4, the BER
curve almost tends to be stable from ENOB > 6. As a result,
the ENOB of 6 bits is employed in the followings.

Since the carrier of SSB SCM with IQM is induced by
offsetting the bias of IQM, the CSPR is closely related to
the parameter of the modulator, V., which can also be
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FIGURE 6. Theoretical and simulated CSPR versus OMI for SSB SCM with
DDMZM.

concluded in Eq. (9). Therefore we compare their relation-
ships respectively in the term of theory (according to Eq. (9))
and simulation for SSB SCM system with IQM, as shown
in Fig. 5. In particular, Vs here is a negative value from the
setting of the formula and increases form —V / 2(—1.5Vin
this paper). In Fig. 5, two curves fit well and the CSPR will
increase as Vp;qs increases, which proves that the influence
of high-order terms in Eq. (7) can be negligible on the condi-
tion of relatively small signal. Through this, we can directly
figure out the best V4 of IQ modulator consistent with
the optimum CSPR theoretically instead of the simulation or
experiment.

Similarly, Fig. 6 shows the relationship between OMI and
the CSPR in terms of theory (according to Eq. (11)) and
simulation for SSB SCM (DDMZM) system. According to
Eq. (11), the CSPR of SSB SCM (DDMZM) method is only
related to OMI. The two curves are highly closed and share
the same trend that the CSPR decreases as OMI increases,
which also proves the correctness of Eq. (11). As a result,

VOLUME 7, 2019



D. Lu et al.: Theoretical CSPR Analysis and Performance Comparison for Four Single-Sideband Modulation Schemes

IEEE Access

,“0-OCA-SSB
107} = VCA-SSB
~0-SSB SCM(IQ)

SSB SCM(DDMZM)
s ===7%FEC
3 4 5 6 7 8 9 10 11 12 13 14 15
CSPR(dB)

FIGURE 7. BER versus CSPR for four SSB systems at OSNR of 34 dB in
back-to-back scenario.

the best value of OMI corresponding to the optimum
CSPR in this SSB scheme, can also be acquired straightly
through the conclusion in theory without any complicate
experiments.

Optical CSPR is an important parameter in SSB DD sys-
tems based on KK algorithm. Fig.7 shows the BER perfor-
mance versus the CSPR of four SSB systems in back-to-back
(BtB) scenario. For fairly comparison, all the simulations
operate at the OSNR of 34 dB. The four optimum CSPRs can
be observed to be 9 dB for OCA-SSB, 8 dB for VCA-SSB,
8.5 dB for SSB SCM (IQ) and 11 dB for SSB SCM
(DDMZM).

Firstly, at a fixed OSNR of 34dB, the trade-off of CSPR
shown in Fig. 7 clearly divides the graph into two parts,
the nonlinear and linear religion. Signals operating at lower
CSPRs suffer from a large nonlinear penalty, since the min-
imum phase condition hasn’t been met yet, while higher
CSPRs lead to higher linear penalty (increased carrier-ASE
beating). Secondly, in terms of different optimum CSPRs for
four SSB schemes, there is not much difference between the
former three systems, but the CSPR of SSB SCM (DDMZM)
is almost 3 dB larger than the others’. Due to a large DC
component concluded in the output of DDMZM (Eq. (10)),
the CSPR inevitably becomes large, and thus the effective
OSNR (OSNR quivatent) Will be relatively small, which leads
to system performance degradation. As the CSPR decrease,
the BER of SSB SCM (DDMZM) doesn’t improve a lot
mainly because the amplitude of signal becomes large enough
to enter the nonlinear region of the modulator. Due to the
above, the system performance of the SSB SCM (DDMZM)
in this paper can hardly reach the BER of the 7% hard-
decision forward error (HD-FEC) at OSNR of 34dB, as is
shown in Fig.4, Fig.7 and the following figures. In addition,
if we change the modulator with a smaller V , the system per-
formance will be predictably better. Thirdly, we also notice
the BER performance difference between four SSB schemes.
With respect to VCA system, because of the limited ENOB
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best CSPRs in back-to-back scenario.

of the DACs in VCA-SSB, when the CSPR becomes large
as the power of virtual carrier increases, the quantization
noise will increase under the fixed quantization bit of 6 in the
simulation. Therefore, the VCA-SSB system has relatively
poor performance in comparison with OCA-SSB. Besides,
as we mentioned in Section II, the IQM in SSB SCM sys-
tems is biased above or below the null-point to induce the
optical carrier. Therefore, the symmetrical modulation curve
of modulator will move up, causing a small part of the signal
to enter into nonlinear region, which is the reason why the
performance of OCA-SSB is better than SSB SCM with IQM.

As shown in Fig. 8, we also investigate the BER perfor-
mance versus OSNR under their respective best CSPRs in
back-to-back (BtB) scenario for four SSB techniques. As it
appears from Fig. 8, the OSNRs required for operation at 7%
FEC (corresponds to a BER of 3.8 x 1073) are approximately
29.4 dB for OCA-SSB (red line), 29.6 dB for VCA-SSB
(black line), 31 dB for SSB SCM with IQM (blue line) and
34 dB for SSB SCM with DDMZM (green line). We can find
the OSNR for OCA-SSB and SSB SCM (IQ) is just about
0.5 dB larger than the theoretical value. The OSNR penalty
of VCA-SSB is mainly for the quantization noise induced by
infinite ENOB of the DACs [36]. As discussed in the Fig. 7,
the penalty of SSB SCM (DDMZM) can be contributed to
OMI parameter according to Eq. (11) and nonlinearity of
modulation region.

The BER performance versus the CSPR of four SSB sys-
tems after 80 km SSMF transmission is depicted in Fig. 9. For
a fair comparison, we also carry out the implementation of the
simulation at the OSNR of 34 dB. In contrast to Fig. 7, it is
worth noting that the optimum values of CSPR all increase
by about 1dB, which are 10 dB for OCA-SSB, 9.5 dB for
VCA-SSB, 9 dB for SSB SCM (IQ) and 12 dB for SSB SCM
(DDMZM).

As is mentioned in [29], the KK receiver can be relatively
sensitive to CD, which causes signal distortion to produce
the high peak-to-average power ratio (PAPR). The trajectory
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best CSPRs after 80 km SSMF transmission.

of signals with high PAPR are more likely to include the
origin of the complex plane [36], [41], namely, minimum
phase condition is violated. Therefore, after transmission KK
receiver requires a higher CSPR to be robust against CD than
that used in the BtB case [44]. Thus we can observe that four
curves share two same trends as the BtB scenario: the CSPR
of first three methods can be considered almost the same and
the last method is also 3dB larger; the BER performance of
OCA-SSB and SSB SCM (IQ) outperform the remaining two
techniques.

Correspondingly, we also investigate the BER perfor-
mance versus the OSNR of four SSB systems after 80 km
SSMF transmission in Fig. 10. Similarly, it is conducted
under their respective best CSPRs of 80 km transmis-
sion. Compared to the BtB case, the OSNR penalty at 7%
FEC can be observed as 30.5 dB, 30.7 dB, 32.5 dB and
35 dB respectively. Since the SSB system have a good
resistance to dispersion, it is foreseeable that there’s only
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a marginal difference between the BtB and 80 km case.
Fig. 10 shows the differences between the two cases are
1.1 dB, 1.1 dB, 1.5 dB and 1 dB respectively. As mentioned
above, the OSNR penalty of 1dB is mostly attributed to
the increase of optimum CSPR induced by CD, which is
also 1 dB larger than BtB scenario. Furthermore, as shown
in Fig. 2, it is also compatible with simulation that 1 dB
increase of CSPR will bring approximately 1 dB penalty of
OSNR at 7% FEC within a certain range of 6 dB to 12 dB
theoretically.

V. CONCLUSION

In this paper, the theoretical derivations of SSB modulation
processing and calculation formulas of carrier-signal power
ratio have been given in detail based on four kinds of SSB
generation schemes. It is very noteworthy that the theoretical
derivations have been well consistent with the numerical anal-
ysis of simulation. Therefore, the system parameter configu-
ration related to the CSPR can be directly confirmed without
the experimental measurements in SSB-based KK systems.
Besides, we also investigate the CSPR and OSNR of four SSB
systems in the 224-Gb/s DD transmission over 80-km SSMF
with SSB 16-QAM signal. As in BtB case, the optimum
CSPRs are 9 dB for OCA-SSB, 8 dB for VCA-SSB, 8.5 dB
for SSB SCM (IQ) and 11 dB for SSB SCM (DDMZM)
and the OSNR penalty at 7% FEC are 29.4 dB, 29.6 dB,
31 dB. After 80 km transmission the optimum CSPRs have
both increased by 1 dB due to the CD and the OSNR penalty
has also increased by approximately 1 dB. The results show
that within a unified optical transmission platform, the for-
mer three SSB systems share the same level of CSPRs and
the system performance of OCA-SSB and SSB SCM (IQ)
outperform the other two schemes. As a result, this paper
can offer a theory instruction of device parameter config-
uration corresponding to the CSPR, which can achieve the
high-performance optical transmission for low-cost metro
networks.
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