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Abstract—There is increasing interest in low-complexity coher-
ent optical transceivers for the use in short-reach fiber links.
Amongst the simplest configurations is the heterodyne coherent re-
ceiver, using a 3-dB coupler to combine the signal with the local os-
cillator (LLO) laser output, and a single photodiode for detection of
each polarization. In this paper, through numerical simulations, we
investigate the impact of signal-signal beating interference (SSBI)
and LO relative intensity noise (RIN) on the performance of such
coherent transceivers. We assess the performance of two methods
to mitigate the SSBI: first, the use of high LO laser power, and
second, the application of digital signal processing-based receiver
linearization, specifically, the Kramers—Kronig (KK) scheme. The
results indicate that, in the case of a RIN-free LO laser, a strong LO
is effective in mitigating SSBI and achieves a similar performance
to that of the KK algorithm. However, the required increase in LO-
to-signal power ratio (LOSPR) is significant. For example, a 20 dB
higher optimum LOSPR was observed in the 28 Gbaud dual polar-
ization 16 QAM system at an optical signal-to-noise power ratio of
22 dB. The drawback of using such a high LOSPR is the increased
penalty due to RIN-LO beating terms, which we next investigated.
The lower optimum LOSPR and, consequently, the lower impact of
LO RIN on the performance of the KK receiver lead to a reduction
in the pre-FEC BER by over an order of magnitude for LO RIN
levels above —140 dBc/Hz.

Index Terms—Coherent communications, heterodyne detection,
Kramers-Kronig receiver, laser relative intensity noise, signal—-
signal beating interference.
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1. INTRODUCTION

HE continuous development of data-intensive applications
T such as cloud computing/storage services, high-definition
video-on-demand and the Internet of Things requires a more
efficient utilization of available optical bandwidth in the opti-
cal fiber communications infrastructure supporting these ser-
vices [1]. In contrast to intensity modulation direct detection
(IM/DD) transceivers, coherent technology enables the use of
all degrees of freedom of the optical field for signaling, includ-
ing the phase, amplitude and polarization [2], and thus, have
been widely adopted for long-haul applications [3]-[5]. Due to
their superiority in terms of performance, the use of coherent
receivers is now being considered for short links, in particular
for those requiring high throughput and spectral efficiency.

Conventional intradyne coherent receivers used for long-haul
links require a polarization beam splitter/rotator, two 90° optical
hybrids and four pairs of balanced detectors, followed by four
analogue-to-digital converters (ADCs), which increase the com-
plexity and cost in comparison to direct detection systems. To
address the complexity issue, a heterodyne detection-based co-
herent receiver design has recently been proposed [6], [7], which
employs, for each polarization, a single 3-dB coupler to combine
signal and local oscillator (LO), and a single-ended photodiode
followed by an ADC, as shown in Fig. 1. This receiver architec-
ture shows potential for cost-sensitive applications, e.g., short
links which require high information spectral density.

In the heterodyne detection process, the signal-LO beating
converts the optical signal to an electrical signal at an inter-
mediate frequency (IF), which is, subsequently, digitally down-
converted to baseband frequency. In the case of single-ended
photodetection, as opposed to balanced detection, a performance
limitation arises due to signal-signal beating interference (SSBI)
induced by the nonlinear square-law detection of a photodiode.
One possible solution is to leave a sufficient frequency guard
band between the local oscillator and the signal [8]. However,
with this approach, half of the bandwidth of the optical and elec-
trical components is wasted [9]. An alternative approach is to use
digital signal processing (DSP) based linearization techniques
in the receiver. The Kramers-Kronig (KK) scheme, in particu-
lar, has been demonstrated to be effective in reconstructing the
optical phase from the received signal’s envelope provided that
the local oscillator-to-signal power ratio (LOSPR) is sufficiently
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Fig. 1. Simulation setup for 28 Gbaud PDM 16-QAM heterodyne coherent detection system: RRC: root-raised-cosine; PBC: polarization beam combiner;

EDFA: Erbium-doped fiber amplifier; OBPF: optical bandpass filter; PBS: polarization beam splitter; LO: local oscillator; PD: photodiode; MIMO: multiple-input

multiple-output.

high to satisfy the minimum phase condition [6], [7], [9]-[16].
A third approach, investigated in [17], is to achieve lineariza-
tion of the receiver without the requirement for additional DSP
through the use of a sufficiently high LO power. In this case,
the power of the unwanted signal-signal beating terms is neg-
ligible in comparison to that of the desired signal-LO beating
products.

In this paper, we analyze the operation of polarization di-
vision multiplexing (PDM) heterodyne coherent transceivers.
The SSBI penalties, and their reduction by two techniques,
namely, the use of a significantly higher LOSPR and the ap-
plication of digital receiver linearization (using the Kramers-
Kronig scheme), are assessed and compared. The level of
the local oscillator laser’s relative intensity noise (RIN) is
shown to have a significant impact on the optimum choice of
approach.

II. THEORY
A. Relative Intensity Noise

The RIN levels for lasers used in optical fiber communication
links typically range from — 160 to —130 dBc/Hz [18]. Low-cost
lasers, such as distributed feedback (DFB) lasers, exhibit high
relative intensity noise, typically above — 140 dBc/Hz [19]-[21].
The relative intensity noise is the random intensity fluctuations
in the instantaneous optical field stemming from the spontaneous
emission noise, present even when the laser is biased well above
the threshold. Relative intensity noise has a normal distribution,
and its level is quantified as follows [22]:

RIN = (5P(1)") /(P (1))’ )
where (6P(t)?) refers to the variance of the power fluctua-
tion, and (P(t))? represents the mean optical power squared.
For a given RIN level, the variance of the power fluctua-
tion increases proportionally to the mean LO power squared.
Equation (1) gives the total relative intensity noise within the
receiver bandwidth. Typically, the RIN level is normalized by
the receiver bandwidth B, and is expressed in the units of dBc/Hz

as follows:

<5P(t)2> )

(P(t)? B

B

In contrast to the amplified spontaneous emission (ASE) noise
in amplified links, the RIN is frequency dependent, having a
peak near the relaxation oscillation frequency of the laser, typ-
ically around 1-10 GHz, and decreasing at higher frequencies
[23]. As the injected current into the laser increases, the av-
erage relative intensity noise reduces, with the resonance peak
reducing in magnitude and shifting to higher frequencies [22].

RIN = 10log (dBe/H=z) 2)

B. Beating Interference

In optically amplified links, the performance of a heterodyne
receiver, using a single-ended photodiode is limited by the com-
bination of ASE noise from the inline amplifiers, the SSBI from
the square-law photodetection and the LO RIN. The complex
optical field in each polarization at the input of the correspond-
ing photodiode can be written as:

3)

where the terms on the right-hand side are the optical fields
of, respectively, the noise-free local oscillator, the signal, the
local oscillator RIN and the ASE noise. Following square-law
detection, the detected signal in each polarization is given by:
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where R is the responsivity of the photodiode, and Re[z] sig-
nifies the real part of x. |E7o|? is a direct current (DC) term
which can be easily removed. The signal-LO beating product
is the desired signal whereas all the other beating terms de-
grade the receiver sensitivity. As (4) suggests, the signal-LO
beating term can be made significantly larger than the SSBI by
increasing the LO laser output power. However, this results in an
increased RIN-LO beating penalty [24], [25]. Therefore, there is
a performance trade-off, when choosing the LO power, between
suppressing the SSBI, and avoiding significant RIN-LO beating
interference. In the following sections, simulations assessing the
impact of LO RIN and this trade-off in heterodyne receivers with
single-ended photodetectors are described. We show how the use
of digital linearization in the receiver can allow the use of lower
LO power, hence reducing the level of the RIN-LO beating.

III. SIMULATION SETUP

The simulated setup is shown in Fig. 1. The simulations were
carried out using MATLAB, with a single channel being con-
sidered. The system employed a 28 Gbaud PDM 16-QAM sig-
nal, at a gross data rate of 224 Gb/s, encoding a 2'7 de Bruijn
binary sequence. Lasers used in the transmitter and receiver
were centered at 1550 nm with a linewidth of 1 MHz (unless
otherwise stated), typical for the low-cost DFB lasers used in
short-reach systems. At the transmitter, the signal was generated
using root-raised-cosine (RRC) pulse shaping filters with 0.01
roll-off factor and a dual polarization IQ-modulator.

Random polarization rotation and differential group delay
of the signal between transmitter and receiver were simulated.
Since the use of inline optical amplification was assumed,
ASE noise was added. The optical signal-to-noise power ra-
tio (OSNR) is specified with a 0.1 nm (12.5 GHz) resolution
bandwidth. At the receiver, the signal was first passed through a
28.42 GHz wide optical bandpass filter, eliminating out-of-band
ASE noise. The PDM signal was demultiplexed by a polariza-
tion beam splitter (PBS), and, subsequently, combined with the
aligned LO using polarization-maintaining 3-dB couplers. As
mentioned in Section II.A, in practice, laser RIN varies with the
laser’s output power. Therefore, in order to allow the LO power
to be varied while maintaining a constant RIN level, a noise-free
booster amplifier was added after the LO laser to control the LO
power. The local oscillator RIN was modelled with a frequency
dependent property using (5) shown at the bottom of this page,
and the parameters listed in Table I, taken from reference [22],
multiplied by a frequency independent scaling parameter in or-
der to allow the RIN value to be set to the desired value. The
RIN is expressed in terms of its average spectral density over the
receiver bandwidth (28.42 GHz). Fig. 2 shows the RIN spectrum
at the average value of —139 dBc/Hz.

The frequency offset of the LO from the center of the signal
spectrum was set to 14.28 GHz (0.51 x 28 GHz), and the
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TABLE I
LASER PARAMETERS

Parameter Symbol Value
Photon population P 7.76 x 10*
Carrier population N 2.14 x 108
Spontaneous- 12 -1
emission rate Rsp 1.28x 107 s
Gain derivative 3 1
(3G /oN) Gy 5.62x10° s
Small-signal n, 1.27 x 107 st
carrier decay rate
Relaxation-
oscillation Np/2m 2.65 GHz
frequency
Relaxation-
oscillation decay Iy 1.92x10° s71
rate
Carrier 7, 4.545 x 10° s~

recombination rate

-120

RIN (dBc/Hz)

170

-180 :
100 M 1G

Frequency (Hz)

10G

Fig. 2. The relative intensity noise spectrum at the average value of
—139 dBc/Hz.

combined signal and LO in each polarization were detected
by a single-ended photodiode with a responsivity of 0.8 A/W.
Shot noise and thermal noise due to the photodetection were
included, though were found to have a negligible impact on sys-
tem performance compared to the ASE noise and RIN. Unless
otherwise specified, all electronic and optical components in the
simulated system were ideal and noise-free. In the case of the
Kramers-Kronig receiver, the KK algorithm was first applied
to the signal, at a sampling rate of 6 Sa/symbol [26], following
which dispersion compensation (applied in the case of 80 km
transmission system as discussed in Section IV.B), frequency
down-conversion to baseband and RRC matched filtering were
carried out. The two polarizations were then down-sampled

2R, [(T% +w?) + G3 P? (1 +7.N/R,,P) — 20y Gy P]

RIN =

P [(QR —w)? 4 qu} [(QR Fw)+ F%}

)
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to 2 Sa/symbol and passed through a 2 x 2 multiple-input
multiple-output (MIMO) adaptive equalizer. The carrier phase
estimation (CPE) was carried out using the QPSK-partitioning
algorithm. Finally, symbol-to-bit de-mapping was performed
using regular hard decision boundaries, and the bit-error-ratio
(BER) and signal-to-noise ratio (SNR) were calculated. Aside
from the absence of the KK algorithm, identical DSP was
performed in the case of the receiver linearized using a high
LO-to-signal power ratio.

IV. RESULTS AND DISCUSSION

In this section, we discuss and compare the performance of
two methods (i.e., the application of the KK algorithm, and the
use of high LO power) for suppressing the SSBI in the presence
of LO relative intensity noise. The mitigation of SSBI impair-
ment in back-to-back operation is first considered in Section A,
initially in the absence of, and, subsequently, in the presence of
LO RIN. In Section A.3, an assessment of the impact of varying
the laser linewidth, together with variation of the relative
intensity noise, is presented. Following this, simulations of
transmission over 80 km of standard single mode fiber were car-
ried out, and the modelling results are analyzed in Section B. In
Section C, the BER performance of the KK receiver in
the presence of the ASE noise and RIN is compared with
predictions based on the received signal SNR of an ideally
linearized receiver. A concluding discussion of the results is
presented in Section D.

A. Performance in Back-To-Back Setup

1) Without LO RIN: In the scenario without LO laser RIN,
the receiver sensitivity is degraded mainly by the ASE noise
and SSBI. The SNR as a function of LO-to-signal power ratio
at different OSNR values using the KK scheme is plotted in
Fig. 3(a). At LOSPRs below 10 dB, the SNR increases with
the LOSPR, which indicates that the LO power is insufficiently
high to ensure that the minimum phase condition is satisfied
for the implementation of the KK scheme. At LOSPRs of 10
dB and above, the system reaches the ASE-limited noise floor,
leading to the constant SNR values. Therefore, the minimum
phase condition is fulfilled at LOSPRs above 10 dB, and the
SSBI is fully compensated.

Fig. 3(b) presents the SNR with respect to LOSPR at differ-
ent OSNRs for the receiver without the KK scheme. It can be
observed that the increase in SNR with increasing LO power is
much more gradual, although at high LOSPR values, effective
SSBI suppression is achieved, as described in [17].

BER versus LOSPR, with and without the KK scheme, at an
OSNR of 22 dB, is plotted in Fig. 4. Note that, in order to clearly
show the BER floor in the plot, an OSNR of 22 dB was chosen;
at higher OSNRs, the BER can go down to far lower values.
The system reaches the BER floor of 2.6 x 10~* at a LOSPR
of ~10 dB when the KK algorithm is employed. Without the
KK algorithm, the BER gradually decreases with increasing
LOSPR, and converges to the same BER floor at a LOSPR of
30 dB, i.e., it requires ~20 dB higher LOSPR compared to the
case with the KK scheme.
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Fig. 3. SNR as a function of LOSPR at different OSNRs (a) with and
(b) without the KK scheme.

2) With LO RIN: In order to assess the impact of LO relative
intensity noise on system performance, laser RIN was included
in the simulations, with values (averaged across the receiver
bandwidth) ranging from —170 dBc/Hz to —120 dBc/Hz.

BER versus LOSPR for the case with the KK algorithm at dif-
ferent RIN levels at an OSNR of 22 dB are plotted in Fig. 5 (open
markers). At the lowest RIN level considered (—145 dBc/Hz),
and with the KK scheme implemented, the BER reaches a min-
imum value of 2.9 x 10~*at a LOSPR of 9 dB. The minimum
BER is slightly higher than that without LO RIN. As the RIN
increases from —145 dBc/Hz to —131 dBc/Hz, the optimum
LOSPR (i.e., the value achieving minimum BER) shifts to lower
values, and the minimum BER increases with increasing RIN.
The reduction in the optimum LOSPR with increasing RIN
arises as a result of the changing tradeoff between the mini-
mum phase condition being unfulfilled and the noise due to the
RIN-LO beating.

The results can also be observed in Fig. 5 for the receiver with-
out the KK scheme (solid markers). Due to the requirement for
a high LO power to suppress the SSBI, the impact of laser RIN
becomes much more significant. The reason is that the higher
LO power needed for this receiver comes with the drawback of
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Fig. 5. BER versus LOSPR at different RIN levels at an OSNR of 22 dB.

Solid markers refer to the case without the KK scheme whereas open markers
refer to the case with the KK scheme.

higher noise level in the electrical signal due to RIN-LO beating.
Thus, the optimum LOSPR shifts to lower values with increas-
ing RIN as a consequence of the shifting tradeoff between the
unsuppressed SSBI and RIN-LO beating noise. Compared to the
case with the KK scheme, the minimum BER is much higher at
the same RIN level, for example 4.7 x 1073 at —139 dBc/Hz
(an order of magnitude higher than the minimum BER of
4 x 10~* with the KK receiver at the same RIN level).

The received signal constellations with and without the KK
scheme at optimum LOSPR, at a LO RIN level of —139 dBc/Hz
and an OSNR of 22 dB, are presented in Fig. 6. At this RIN
level, for the receiver without KK linearization, the optimum
LOSPR is found to be 17 dB (Fig. 5), which results in higher
amplitude RIN-LO beating products and unsuppressed SSBI
interference, causing a more distorted constellation (an error
vector magnitude (EVM) of 17.5%). In contrast, the use of the
KK scheme reduces the optimum LOSPR to just 8 dB (Fig. 5),
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Fig. 6. Constellations at optimum LOPSR with (EVM = 13.4 %) and without
(EVM = 17.5 %) the KK algorithm at an OSNR of 22 dB and a LO RIN of
—139 dBc/Hz.
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Fig. 7. Minimum BER versus RIN at optimum LOSPRs and OSNR of 22 dB

in back-to-back operation.

leading to the lower RIN-LO beating, and consequently, a less
distorted constellation (EVM = 13.4%).

The BER as a function of RIN at optimum LOSPR values,
(i.e., optimized to achieve minimum BER values at each RIN
level) at an OSNR of 22 dB is plotted in Fig. 7. In the absence
of RIN (as shown in Fig. 4) or at a very low RIN level (e.g.,
—170 dBc/Hz shown in Fig. 7), a high LO power can suppress
the SSBI in the receiver, achieving a similar system perfor-
mance compared to the KK receiver, and thus, there is no need
for digital linearization. However, the presence of LO RIN sig-
nificantly degrades the system performance. Especially at RIN
levels above —140 dBc/Hz, employing the KK receiver enables
about an order of magnitude reduction in the BER. Simulations
at OSNRs ranging from 18 to 30 dB were also carried out, with
similar trends in the results being observed.

3) Joint Impact of Laser Linewidth and LO RIN: Low-cost
lasers (e.g., DFB lasers) may suffer not only from high relative
intensity noise, but also from high linewidth. In this section, the
laser linewidth was varied, over the range 1 MHz to 5 MHz (the
typical DFB linewidth range [19]-[21], [27], [28]), together with
variation of the LO RIN, in back-to-back operation. The aim
was to assess the relative impacts of RIN and phase noise on the
heterodyne receivers. Carrier phase estimation was performed
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using the QPSK partitioning algorithm in the receiver DSP, as
used in above simulations.

The minimum BER versus RIN plots with and without KK
linearization are displayed in Fig. 8(a) and (b) respectively
for the case of back-to-back operation at an OSNR of 22 dB.
For each point, the minimum BER is obtained at the optimum
LOSPR and with the optimum carrier phase estimation block
length (which varies with laser linewidth). At negligible RIN
levels, i.e., below —170 dBc/Hz, for systems with and with-
out the digital linearization, increased linewidth incurs more
phase noise and degrades the performance of the carrier phase
estimation algorithm, leading to higher BER. Phase noise domi-
nates the system performance. With the KK receiver, as the RIN
increases up to —145 dBc/Hz (Fig. 8(a)), the BER floor still re-
mains relatively constant at each linewidth level, since the KK
scheme allows to use a low LO power, hence reducing RIN-LO
beating, as discussed in Section IV.A.2. The phase noise remains
the dominant source of penalty. Without digital linearization
(Fig. 8(b)), the high LO power required for SSBI mitigation
results in high RIN-LO beating interference, and the BER starts
to increase even when the RIN is as low as —160 dBc/Hz,
and this is the case at all laser linewidths considered. We further
plotted the ratio of BER between these two cases with and with-
out applying the KK scheme versus LO RIN at each linewidth
value in Fig. 8(c). The reduction in the minimum achievable
BER using the KK scheme for SSBI mitigation, and the lower
penalty from RIN-LO beating interference can be clearly ob-
served, even in the presence of high laser phase noise.

B. Performance in 80 km Transmission System

The system performance in transmission over a link of 80 km
of standard single mode fiber (SSMF) was assessed at the
same range of RIN levels, laser linewidth (1 MHz) and OSNR
(22 dB) as used in the back-to-back simulations described in
Section IV.A.2. Fiber chromatic dispersion of 17 ps/nm/km was
assumed, and receiver-based digital dispersion compensation
was applied. The effect of fiber nonlinearity was neglected due
to the relatively short distance being considered.

The BER results versus RIN at optimum LOSPR values at
an OSNR of 22 dB, are plotted in Fig. 9 and are compared to
the performance in the back-to-back system (from Fig. 7). It
can be observed that the system performance is close to that
achieved in back-to-back operation, with a slightly higher BER
at each RIN level. This is due to the effect known as equaliza-
tion enhanced phase noise (EEPN). Since the transmitter laser
phase noise passes through the dispersive transmission link and
the chromatic dispersion compensation module in the receiver
DSP, it does not generate additional penalty [29], but for the LO,
which only passes through the chromatic dispersion compensa-
tion block, its phase noise may be enhanced by the electronic
dispersion compensation [29], [30]. Nevertheless, the impact of
the EEPN is observed to be negligible compared to the penalty
from the high RIN-LO beating interference, and thus, in trans-
mission over 80 km SSMEF, the use of KK linearization still
results in a reduction in the minimum BER by over an order-of-
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Fig. 8.  Minimum BER versus RIN (a) with and (b) without the KK scheme

in back-to-back operation at the laser linewidth of 1 to 5 MHz and an OSNR
= 22 dB. (c¢) The ratio of BERs between these two cases (with and with-
out the KK scheme), as a function of RIN for laser linewidths from 1 to
5 MHz.
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Fig. 9. Minimum BER versus RIN at optimum LOSPRs and OSNR of 22 dB

after 80 km transmission.

magnitude compared to the case of the receiver using high LO
power for SSBI suppression.

C. Theoretical Model

It is desirable to have an accurate, simple expression to calcu-
late the SNR, and corresponding BER, for the heterodyne single-
photodiode-based receiver. For the non-linearized receiver, an
SNR equation taking into account only the power of the re-
ceived electrical signal and the electrical noise powers due to
ASE and RIN is found to be inaccurate, due to the nonlinearity
of the detection process (i.e., the SSBI is not taken into account
in such a simple SNR expression). In the case of the KK re-
ceiver, however, the linearization should result in this simple
SNR expression being more accurate. In this section, we assess
the accuracy of SNR and BER calculations for the KK receiver,
considering only the RIN and ASE noise powers.

In this comparison, ideal photodetection was assumed. The
phase noise, polarization rotation, differential group delay and
corresponding DSP compensation algorithms were switched off.

When the SSBI is fully compensated and the LO power is
sufficiently high, the system performance is degraded mainly
by the ASE-LO beating interference and the RIN-LO beating
interference. Referring to the beating terms defined in (4), the
SNR after photodetection can thus be written as:

Psi/ na
SNR = gnal

3 )
Tase T ORIN

((2Re (B Bio)))
<(2R€ [EASEEZO])2> + <(2R€ [ERINEEO])Q>
(6)

where Pi;4,q; represents the power of the electrical signal,
0% ¢ and 0% are the variances of the electrical signal due to
the ASE noise and RIN.

Fig. 10 plots the theoretical SNR obtained using (6), together
with the SNR obtained from system simulations, at optimum
LOSPRs for different values of RIN and OSNR. It can be ob-
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served that the theory and simulation results quite closely match,
which indicates that the receiver is operating in a linear manner,
with SNR determined primarily by the ASE noise and LO RIN,
as assumed in (6). Therefore, in the case of digital linearization
with the KK algorithm, (6) can be considered accurate for es-
timating the received signal SNR with the KK receiver in the
presence of the ASE noise and LO relative intensity noise.

The probability distribution of the RIN-LO beating interfer-
ence, following the application of the KK algorithm, is shown
in Fig. 11, and can be seen to closely follow the normal distri-
bution. Therefore, BER values can be obtained using the com-
plementary error function from the SNRs calculated using (6).
The corresponding theoretical BER is plotted in Fig. 12, and
compared with the simulation results. At relatively low OSNRs
(i.e., 19 dB and 22 dB), a good agreement between theory and
simulations can be observed. However, at high OSNRs of 25
and 28 dB, there are some discrepancies between the simulated
BER and the theoretical BER. An explanation for this may be
the presence of some residual uncompensated SSBI. Further
work is required to investigate this.
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D. Discussion

Key conclusions can be drawn from the simulation results de-
scribed in Section A to C, which can be useful in the design and
modeling of heterodyne receivers with single-ended photode-
tectors. Firstly, effective SSBI mitigation is achievable either by
using linearization DSP, such as the Kramers-Kronig scheme, or
through the use of a high power LO. In the absence of LO RIN,
the two techniques achieve similar performance. Secondly, with
non-negligible LO RIN, the KK receiver outperforms the re-
ceiver without linearization DSP, with an order of magnitude dif-
ference in BER being observed between the two at LO RIN lev-
els higher than -140 dBc/Hz, in both back-to-back operation and
after transmission over 80 km of standard single mode fiber. Ad-
ditionally, although low-cost lasers can exhibit high linewidths,
the phase noise-induced penalty is smaller than high RIN-LO
beating interference in receivers linearized by a high power LO.
Therefore, the use of digital linearization (e.g., the KK algo-
rithm) is beneficial in allowing lower amplitude RIN-LO beat-
ing products, and consequently, better performance in the case
with high RIN, even in the presence of high laser phase noise.

As mentioned in Section II.A, the RIN exhibits a peak near the
relaxation oscillation frequency and decays at higher frequen-
cies. It has been suggested to the authors that a guard-band, in
the frequency domain, between the LO and the signal could be
used, to reduce the penalty from the high spectral power den-
sity of the RIN at low frequencies, and also to partially avoid
the interference from the RIN-RIN, RIN-LO and signal-signal
beating products. To investigate the potential benefits of this
approach, we performed further simulations, with a fixed re-
ceiver bandwidth and variable symbol rate and FEC overhead.
However, it was found that reducing the symbol rate and using
a guard band between LO and signal did not achieve a higher
net bit rate.

V. CONCLUSION

We investigated the performance of low-complexity hetero-
dyne optical coherent receivers with a single photodiode per
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polarization, and compared signal-signal beating interference
mitigation using two techniques: firstly, using a high power
local oscillator and, secondly, employing the Kramers-Kronig
digital linearization scheme. A high LO-to-signal power ratio
was found to make the effect of SSBI negligible. In this case, and
in the absence of laser relative intensity noise, receivers without
digital linearization achieve similar performance to that of KK
receivers. In the 28 Gbaud dual polarization 16QAM system
considered, at an OSNR of 22 dB, the difference in the required
LOSPR for optimum performance was found to be about 20 dB.

An advantage of the low LOSPR of the KK receiver, however,
is the reduced impact of LO relative intensity noise. With local
oscillator RIN levels of —140 dBc/Hz and above (typical values
for DFB lasers), an order of magnitude lower BER for KK
receivers was found to be possible.

This increased tolerance to local oscillator laser RIN achieved
using the Kramers-Kronig scheme could be observed even in the
presence of the additional penalties arising from high laser phase
noise (laser linewidths from 1 to 5 MHz were investigated).

Finally, we showed that, with DSP-based linearization, re-
ceiver performance could be accurately predicted using a
straightforward SNR calculation, simply taking into account
signal, ASE and LO RIN powers, and neglecting the effect of
signal-signal beat interference.

REFERENCES

[1] Cisco, “Cisco visual networking index: Forecast and methodology 2016-
2021,” White paper, 2017.

[2] E.Ip, A. P. T. Lau, D. J. F. Barros, and J. M. Kahn, “Coherent detection
in optical fiber systems,” Opt. Express, vol. 16, no. 2, pp. 753791, 2008.

[3] X.Li, Z. Dong, J. Yu, J. Yu, and N. Chi, “Heterodyne coherent detection
of WDM PDM-QPSK signals with spectral efficiency of 4 b/s/Hz,” Opt.
Express, vol. 21, no. 7, pp. 8808-8814, 2013.

[4] T.M.Hoang et al., “Transmission of 344 Gb/s 16-QAM using a simplified
coherent receiver based on single-ended detection,” IEEE Photon. J., vol.
8, no. 3, pp. 1-8, 2016, Art. no. 705108.

[S] R. Elschner et al., “Experimental demonstration of a format-flexible
single-carrier coherent receiver using data-aided digital signal processing,”
Opt. Express, vol. 20, no. 26, pp. 28786-28791, 2012.

[6] A. Mecozzi, C. Antonelli, and M. Shtaif, “Kramers—Kronig coherent re-
ceiver,” Optica, vol. 3, no. 11, pp. 1220-1227, 2016.

[71 C. Antonelli, A. Mecozzi, M. Shtaif, X. Chen, S. Chandrasekhar, and P.
J. Winzer, “Polarization multiplexing with the Kramers—Kronig receiver,”
J. Lightw. Technol., vol. 35, no. 24, pp. 5418-5424, Dec. 2017.

[8] A.J.Lowery, L. B.Du, andJ. Armstrong, “Performance of optical OFDM
in ultralong-haul WDM lightwave systems,” J. Lightw. Technol., vol. 25,
no. 1, pp. 131-138, Jan. 2007.

[9] Z.Li et al., “SSBI mitigation and the Kramers—Kronig scheme in single-
sideband direct-detection transmission with receiver-based electronic dis-
persion compensation,” J. Lightw. Technol., vol. 35, no. 10, pp. 1887-1893,
May 2017.

[10] X. Chen et al., “218-Gb/s single-wavelength, single-polarization, single-
photodiode transmission over 125-km of standard singlemode fiber using
Kramers—Kronig detection,” in Proc. Opt. Fiber Commun. Conf., 2017,
pp. 1-3.

[11] Z. Li et al., “Spectrally efficient 168 Gb/s/A WDM 64-QAM single-
sideband nyquist-subcarrier modulation with Kramers—Kronig direct-
detection receivers,” J. Lightw. Technol., vol. 36, no. 6, pp. 1340-1346,
Mar. 2018.

[12] Y. Zhu, K. Zou, X. Ruan, and F. Zhang, “Single carrier 400G transmission
with single-ended heterodyne detection,” IEEE Photon. Technol. Lett.,
vol. 29, no. 21, pp. 1788-1791, Nov. 2017.

[13] S. T. Le et al., “8 x 256 Gbps virtual-carrier assisted WDM direct-
detection transmission over a single span of 200 km,” in Proc. Eur. Conf.
Opt. Commun., 2017, pp. 1-3.



YI et al.: PERFORMANCE OF KRAMERS KRONIG RECEIVERS

[14]

[15]

[16]

[17]

(18]

[19]
[20]

[21]

[22]

S. Fan et al., “Twin-SSB direct detection transmission over 80 km SSMF
using Kramers—Kronig receiver,” in Proc. Eur. Conf. Opt. Commun., 2017,
pp. 1-3.

T. Bo and H. Kim, “Kramers—Kronig receiver operable without digital
upsampling,” Opt. Express, vol. 26, no. 11, pp. 13810-13818, 2018.

X. Chen et al., “4 x 240 Gb/s dense WDM and PDM Kramers—Kronig
detection with 125-km SSMF transmission,” in Proc. Eur. Conf. Opt.
Commun., 2017, no. 1, pp. 1-3.

B. Corcoran, B. Foo, and A. J. Lowery, “Single-photodiode per polar-
ization receiver with signal-signal beat interference suppression through
heterodyne detection,” Opt. Express, vol. 26, no. 3, pp. 3075-3086,
2018.

M. Seimetz, “High-order modulation for optical fiber transmis-
sion,” Berlin, Germany: Springer-Verlag, 2009, ch. 2, sec. 2.1.1,
pp. 15-17.

[Online]. Available: http://nolatech.ru/files/datasheet/DFB-1550-14BF.pdf.
Accessed on: Jan. 31, 2019

[Online]. Available: https://media.digikey.com/pdf/Data%?20Sheets/Avago
9%20PDFs/D2547P.pdf. Accessed on: Jan. 31, 2019

[Online]. Available: https://www.furukawa.co.jp/fitel/english/active/pdf/
signal/ODC-7R001G_FRL15DCWx-A8x-xxxxx-x.pdf. Accessed on:
Jan. 31, 2019

G. P. Agrawal and N. K. Dutta, “Semiconductor lasers,” 3rd ed. Norwell,
MA, USA: Kluwer, 1993, ch. 6, sec. 5, pp. 261-269.

[23]

[24]

[25]

[26]

[27]
[28]

[29]

[30]

3043

J. Senior, “Optical fiber communications: Principles and practice,” 3rd
ed. Englewood Cliffs, NJ, USA: Prentice-Hall, 2009, ch. 6, sec. 6.7.4,
pp. 356-360

M. S. Faruk and S. J. Savory, “Digital signal processing for coherent
transceivers employing multilevel formats,” J. Lightw. Technol., vol. 35,
no. 5, pp. 1125-1141, Mar. 2017.

B. Zhang, C. Malouin, and T. J. Schmidt, “Design of coherent receiver
optical front end for unamplified applications,” Opt. Express, vol. 20, no.
3, pp. 3225-3234, 2012.

Z.Li et al., “Joint optimisation of resampling rate and carrier-to-signal
power ratio in direct-detection Kramers—Kronig receivers,” in Proc. Eur.
Conf. Opt. Commun., 2017, pp. 1-3.

[Online]. Available: http://www.amonics.com/product/44. Accessed on:
Jan. 31, 2019

[Online]. Available: https://www.toptica.com/products/wavemeters-laser-
diodes/laser-diodes/dfbdbr/. Accessed on: Jan. 31, 2019

C. Xie, “Local oscillator phase noise induced penalties in optical coherent
detection systems using electronic chromatic dispersion compensation,”
in Proc. Opt. Fiber Commun. Conf. Nat. Fiber Opt. Eng. Conf., 2009,
pp. 1-3.

T. Xu, G. Jacobsen, S. Popov, T. Liu, Y. Zhang, and P. Bayvel, “Analyt-
ical estimation in differential optical transmission systems influenced by
equalization enhanced phase noise,” in Proc. PIERS 2016 Prog. Electro-
magn. Res. Symp., 2016, pp. 4844-4848.


http://nolatech.ru/files/datasheet/DFB-1550-14BF.pdf
https://media.digikey.com/pdf/Data%20Sheets/Avago%20PDFs/D2547P.pdf
https://media.digikey.com/pdf/Data%20Sheets/Avago%20PDFs/D2547P.pdf
https://www.furukawa.co.jp/fitel/english/active/pdf/signal/ODC-7R001G_FRL15DCWx-A8x-xxxxx-x.pdf
https://www.furukawa.co.jp/fitel/english/active/pdf/signal/ODC-7R001G_FRL15DCWx-A8x-xxxxx-x.pdf
https://www.toptica.com/products/wavemeters-laser-diodes/laser-diodes/dfbdbr/
https://www.toptica.com/products/wavemeters-laser-diodes/laser-diodes/dfbdbr/


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


