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Abstract—In this paper, we review in detail experimental demon-
strations of Kramers—Kronig (KK) based direct detection systems
with high per-carrier interface rates, high spectral efficiencies,
and ~100-km reach. Two realizations of KK-based receivers are
summarized, including single-polarization and dual-polarization
versions. Critical aspects of the KK receiver such as the carrier-
to-signal power ratio and receiver bandwidth limitations are
discussed. We show 220-Gb/s single-diode detection and 4 X
240-Gb/s dual polarization (dual-diode) detection in a WDM sys-
tem at 5.3 bits/s/Hz spectral efficiency.

Index Terms—Data center interconnect, direct detection,
Kramers-Kronig receiver, short-reach transmission.

1. INTRODUCTION

IGH-CAPACITY data center interconnect (DCI) applica-
H tions require cost-effective per-carrier interface rates be-
yond 100 Gb/s at a limited reach of up to ~100 km of standard
single-mode fiber (SSMF), without optical chromatic dispersion
(CD) compensation due to operational simplicity and cost con-
siderations. As the cost per fiber pair for such links can be
comparable to the cost of a transponder pair, significant
wavelength-division multiplexing (WDM) at high spectral effi-
ciencies is desired for an overall lowest-cost solution. To min-
imize the impact of fiber dispersion, systems working near the
zero-dispersion wavelength of SSMF around 1310 nm have been
proposed as potential solutions [1], [2]. However, this elimi-
nates the possibility of massive WDM, both due to the absence
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of adequate low-cost amplification schemes and due to the in-
crease in CD for edge WDM channels populating higher-CD
wavelengths across a reasonably wide WDM bandwidth. Within
the amplification bandwidth of Erbium-doped fiber amplifiers
(EDFAs) around 1550 nm, however, conventional intensity-
modulation and direct detection (IM-DD) systems suffer from
dispersion-induced frequency-selective power fading across the
signal bandwidth [3]. For a massive WDM system occupying the
full C-band, this is also true if a fixed dispersion-compensation
module (DCM), e.g., a dispersion-compensating fiber, is used to
compensate the CD of the transmission fiber: Even for a DCM
that is nominally perfectly matched to a ~100-km SSMEF, dis-
persion slope mismatch and manufacturing tolerances produce
enough residual CD to prevent reliable full-band system oper-
ation based on conventional IM-DD solutions. For example, a
56-GBaud 4-ary pulse amplitude modulated (PAM-4) IM-DD
system carrying 100 Gb/s per wavelength at only a modest spec-
tral efficiency of between 0.5 and 1.5 b/s/Hz may be expected to
have a CD tolerance of about 4= 30 ps/nm [4], which is less than
the £35 ps/nm of dispersion-slope induced CD mismatch across
the C-band for a nominally perfectly compensated 100-km
SSMF [5]. In general, there are several ways to avoid or to
mitigate the frequency-selective power fading so as to increase
the CD tolerance and altogether eliminate the need for DCMs:
® One method is to perform direct detection of only one side
of the optical spectrum [6], [7], [8], which results in sin-
gle side band (SSB) power detection. To fulfill the SSB
condition, the other side of the spectrum must either be
suppressed during modulation by means of optical field
modulation (via an in-phase/quadrature (I/Q) modulator)
[71, [8], or it must be rejected by an optical filter placed at
the transmitter or at the receiver [6]. Using an 1/Q modu-
lator requires two digital-to-analog converters (DACs) and
associated driver amplifiers and wastes half of the available
modulation bandwidth. Creating SSB using optical filters
requires a sharp optical filter whose center frequency is
locked to the transmit laser’s frequency. If the SSB filter
is only used at the receiver, between 1/2 and 1/3 of the
channel bandwidth is wasted.
e The second way to avoid power fading is to perform dis-
persion pre-compensation and to transmit the pre-distorted
signal using an I/Q modulator [9], [10]. This requires
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advance knowledge of the transmission fiber (distance,
dispersion coefficient, etc.), which essentially necessitates
practically undesirable feedback mechanism from the re-
ceiver (RX) to the transmitter (TX).

e The third way to resolve power fading is to use conven-
tional coherent receivers to detect the full optical field. Co-
herent receivers can either use an intradyne configuration
(two balanced detectors per polarization) or a heterodyne
setup (one detector of twice the bandwidth per polariza-
tion compared to intradyne). In both cases, a full coherent
receiver needs a local oscillator (LO) laser, either opti-
cal polarization tracking or a polarization diversity setup,
and preferably uses balanced photodetectors to suppress
signal-signal beat interference (SSBI) at reasonably low
LO powers. While probably the best long-term solution,
its associated complexity makes a full coherent receiver
currently not the most cost-efficient candidate for cost sen-
sitive DCI applications.

® As an alternative to conventional coherent receivers,
several self-coherent solutions that can detect a single-
polarization optical field without an LO have been pro-
posed [11]-[15]. Self-coherent detection uses a CW
tone generated from the transmit laser that is transmit-
ted together with the modulated signal. This enables a
single-ended detector per polarization to perform coherent
detection. Self-coherent detection has the benefit of elim-
inating the need for polarization tracking, as the LO
co-propagates with the signal and therefore undergoes
the same polarization rotations as the signal; hence the
two stay polarization-aligned (provided that higher-order
polarization mode dispersion is negligible). However,
self-coherent approaches cannot make use of balanced
detection and hence either require a high CW-to-signal
power ratio (CSPR, defined as CSPR = Pcw /Py,
where Pgig contains the modulated signal only, not the
CW component), leading to a loss in receiver sensitivity
and hence in reach [11], or they involve iterative digi-
tal signal processing (DSP) procedures for signal-signal
beat interference (SSBI) cancellation, which increase the
receiver’s DSP complexity [15].

e Stokes vector receivers are yet another alternative to co-
herent receivers [16], [17], [18], [19]. Stokes vector based
systems can be configured either in a self-coherent flavor
to detect the optical field [16], [17], or in a power detec-
tion arrangement to detect 3-dimentional or 4-dimentional
intensity modulated signals [18], [19]. The self-coherent
version of Stokes receivers can do digital dispersion com-
pensation at the receiver, capable of transmitting signals
over more than 100-km dispersion uncompensated SSMF,
and ideally requires only 0-dB CSPR (meaning that the
CW power is equal to the signal power). However, the re-
ceiver needs a minimum of 3 photodiodes and a minimum
of 3 analog-to-digital converters (ADCs), and possibly an
optical hybrid.

® Another alternative method to recover the optical field is
the recently proposed Kramers-Kronig (KK) receiver [20].
The KK receiver uses a single single-ended photodetector
and re-constructs the full single-polarization optical field
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using DSP after detection, either based on a self-coherent
setup (i.e., with a CW tone added to the signal at the TX) or
in a heterodyne configuration (i.e., with a CW tone added
at the RX). In both configurations, the required CSPR is
theoretically only ~6 dB and in experiments typically be-
tween 7 to 9 dB, which makes the KK receiver an attractive
option for low-cost, low-power, low-footprint DCI solu-
tions that require high interface rates [15], [21], [22]. The
KK receiver has been experimentally demonstrated at an
interface rate of 220 Gb/s per channel [21], 256 Gb/s per
channel [22], and 440 Gb/s per channel [23].

Note that the above description does not represent a mutu-
ally exclusive categorization. For instance, a Stokes receiver
with signal in one polarization and CW light in the orthogo-
nal polarization, as demonstrated in [16] can also be viewed
as a self-coherent receiver. Similarly, a KK system with a CW
tone transmitted together with the signal can be viewed as a
self-coherent receiver. A KK receiver can also be viewed as a
heterodyne receiver with single-ended detection and extra DSP.

In this paper, we (i) review the principle of KK receivers, (ii)
describe our experimentally demonstrated single-photodiode
based single-polarization results [21], and (iii) discuss our
polarization-division multiplexed (PDM) KK receiver architec-
ture using a local oscillator in a WDM context [24]. We compare
different possible approaches to add CW light for KK detection.
We review in detail our previously demonstrated transmission
experiments at a line rate of 220 Gb/s (which was originally
reported as 218 Gb/s, as we did not include OFDM overheads in
the reported line rate [21]) at 1550 nm over 100-km SSMF
using a single-polarization KK receiver with 60-GHz band-
width. We also explain possible signal degradations for KK
receivers in a WDM scenario and review our demonstrated 100-
km SMF transmission in a 4-channel WDM and PDM sys-
tem with 240 Gb/s per polarization-multiplexed channel using a
PDM KK receiver at 24 GBaud (24.24 GHz optical bandwidth).
We extend our previously published papers by describing the de-
sign details of our KK based WDM system, including a detailed
account on how the lasers from the KK based transceiver can
be shared between TX and RX, and how the multiplexer (Mux)
and de-multiplexer (DeMux) filters can be designed in terms of
frequency plan and bandwidths such that the tolerance to filter
wavelength drifts is maximized. We also report on the impact
of receiver frontend amplitude and phase responses on KK re-
ceivers, an important aspect that has so far been largely neglected
in the KK literature. The simulation results indicate that receiver
frontend electrical distortions need to be compensated before
the waveform can be used for KK processing. We also correct
a mistake contained in our previous work [21], [24], where a
transmission distance of 125 km was erroneously reported. The
actual transmission distance in these experiments was 100 km.

II. MINIMUM-PHASE SIGNALS AND KRAMERS-KRONIG
DETECTION

The KK algorithm is a DSP procedure that is capable of re-
constructing the full complex received optical field from the
beating of the signal with a CW tone at the edge of the signal
spectrum, as shown in Fig. 1.
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Fig. 2. Schematic diagram for different ways to add the CW tone at the
transmitter for KK detection.

Importantly, this CW tone neither has to be locked in fre-
quency nor in phase to the signal and can be generated either
electronically together with the signal (as shown in Fig. 2(a),
where f. is the laser frequency), or optically through a B/2
transmit laser wavelength shifter [25], realized via an 1/Q
modulator and an RF synthesizer (Fig. 2(b)). The advantage
of the first method is its lower optical complexity, but adding
an RF tone in the analog domain to a broadband signal either
induces 6 dB of RF loss or requires a sharp RF diplexer which
adds analog complexity to the system. Generating and adding
the tone digitally before the DACs [22] reduces the DAC reso-
lution for the information bearing signal, thereby affecting both
attainable interface rate and spectral efficiency.

The KK based optical field re-construction requires the de-
tected optical signal to be minimum-phase [20], [27]. When this
condition is satisfied, the phase information can be obtained
from the magnitude spectrum via a Hilbert transform [26], [27].
In practice, for bandwidth-limited optical signals, satisfying the
minimum-phase condition means that the power of the optical
carrier needs to exceed a certain level [27]. Details of the KK
principle can be found in [20], and the necessary and sufficient
condition for minimum phase is mathematically proven in [27].

We briefly review the key algorithm making up the KK re-
ceiver DSP. We denote the complex envelope of the incoming
optical field by F(t), which is assumed to be contained within
an optical bandwidth B, as shown in Fig. 1. The CW tone is as-
sumed to have an amplitude Ey and its frequency approximately
coincides with the low-frequency edge of the information-
carrying signal spectrum. (Placing the tone at the high-frequency
edge of the signal spectrum, as shown in Fig. 2, is equally possi-
ble.) The complex envelope of the field impinging upon the pho-
todiode is thus given by E(t) = Fs(t) + Epexp ( — iwBt).
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Fig. 3.  DSP blocks in a single-polarization KK receiver.

The current /(t) produced by the photodiode is proportional to
the optical intensity

1(6)=|E (#)P =|E, (1) +2Re (E, (t) Eje™") + |Ey ()"

ey
where E(T] is the conjugated field. Assuming that Ej is large
enough to ensure that the signal is minimum-phase, the follow-
ing equations can be used to extract the optical field [20]:

B, (t) = {V/T®) expliow ()] - By fexp(~inBt)  (2)

o5 () = 12w [t logl1(®))/(¢ - ¥) 3)
Here, p.v. stands for the Cauchy principal value of the integral.
The full DSP procedure is depicted in Fig. 3. After optional

opto-electronic front-end correction (which is not done in our
experiments but is studied in Section VII) and subsequent KK
optical field re-construction, digital CD compensation can be ap-
plied. The dispersion compensated signal can then be equalized
by adaptive equalizers to compensate for channel distortions,
similar to what is done in a standard intradyne signal processing
chain. Finally, symbol decisions can be made.

According to the theoretical derivation of the minimum-phase
condition, ~6-dB CSPR is sufficient to re-construct the optical
field [20], [27]. However, in practical systems, the efficiency
of optical field re-construction can be reduced, e.g., by resid-
ual distortions from the receiver, as discussed in Section VII.
Therefore, the required CSPR may be higher in practice, as
discussed in Sections VI and VII. Depending on the overall
ASE noise level and modulation format, the optimal CSPR can
therefore vary. For instance, we found the required CSPR to
be 7.5 dB for our 60-GHz DMT signal (220 Gb/s, bit-loaded
with QPSK and 16-QAM), Section III, and as much as 9 dB
for our 24-GHz dual-polarization 32-QAM (240-Gb/s) single
carrier signal, Section VI.

III. SINGLE-POLARIZATION KK RECEIVER

We first constructed a single-wavelength and single-
polarization system to demonstrate the KK receiver originally
reported in [21].

Fig. 4 shows the experimental setup for our 220-Gb/s
discrete multitone (DMT) transmission based on the KK
receiver. The transmitter consists of an external cavity laser
(ECL) at 1550 nm and an I/Q modulator fed by two 8-bit DACs
(80 GSa/s, ~7-dB roll-off at 30 GHz) for data generation and
modulation. The I/Q modulator is biased at its transmission null
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Fig. 5. Complex (I/Q) electrical spectrum at the TX for the 220-Gb/s DMT
modulated signal. The blue dashed arrow indicates the position of the CW light
that is later optically added to the signal for KK detection.

and generates an optical DMT signal with 768 subcarriers. As il-
lustrated in Fig. 5, 128 subcarriers (covering the lowest 10 GHz)
are loaded with quadrature phase shift keying (QPSK), and the
remaining 640 subcarriers (from 10 GHz to 60 GHz) are loaded
with 16-ary quadrature amplitude modulation (16-QAM). The
DC subcarrier is not loaded with data. The FFT size is 1024.
Thus, the line rate (including DMT overhead) is 220 Gb/s
[=(2bits*128/1024+4 bits+640/1024)+80GSa/s]; without DMT
overhead, we arrive at 218 Gb/s, as reported in [21]. Among
the 220 Gb/s, only 0.7% overhead (8 samples) are used as
guard interval. The blue arrow in Fig. 5 indicates the position
of the CW light that is later optically added to the signal for
KK detection.

In this experiment, we chose to generate the B/2-shifted tone
optically (Fig. 2(b)), which saves the full DAC resolution for sig-
nal modulation and allows us to more easily vary and optimize
the CSPR. In order to generate the CW tone, we split a portion of
the unmodulated laser carrier and pass it through a 30-GHz si-
nusoidally driven LiNbOj single-sideband modulator operated
as a frequency shifter (Af) [25]. At the receiver, a single photo-
diode (PD, 3-dB bandwidth of 100 GHz) is used in conjunction
with a single channel of a 63-GHz real-time oscilloscope acting
as our ADC. Fig. 6 shows optical spectra at the TX and RX
after 100 km of SSMF transmission. The received spectrum is
measured after the receiver EDFA and before photo-detection.
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Fig. 7. 0Odd-index loaded DMT subcarriers (a) at the transmitter (optical) and
(b) after direct detection (electrical).

It can be observed that the noise floor is increased by more than
10 dB due to amplification, yielding a received optical signal-
to-noise ratio (OSNR, 0.1 nm) of 36 dB at a total (optimum)
signal launch power (including the CW tone) of 9 dBm. At the
receiver, we process the sampled waveform offline and perform
KK optical phase re-construction and other DSP procedures as
described in Fig. 3.

Before performing actual transmission, we use a specially
designed DMT signal to examine whether the KK algorithm in-
deed successfully re-constructs the optical field while suppress-
ing the unwanted direct-detection SSBI, term |E (¢)[? in (1). In
particular, as shown in Fig. 7(a), we load all odd-indexed DMT
subcarriers with signals and do not generate any even-indexed
subcarriers. This way, all SSBI falls on even-indexed frequency
bins [12] as shown in Fig. 7(b), while all desired signal-CW
beat components fall on odd-indexed frequency bins, and it is
therefore easy to confirm whether the KK receiver indeed suc-
cessfully re-constructed the complex optical field.

The measurement results are displayed in Fig. 8, showing the
recovered signal on the odd subcarriers and the residual SSBI
within the even frequency slots, both with and without running
the KK algorithm. The measurement is taken at a CSPR of
7.5 dB. We see that the KK algorithm reduces the SSBI by
about 5 dB, as expected. We attribute the residual SSBI near DC
frequencies to distortions and noise from electrical components
(e.g., photodiode and scope) that affect perfect re-construction
of the optical field. A more detailed discussion of this effect is
given in Section VIIL.

We next fully load all DMT subcarriers and optimize the
CSPR. Fig. 9 shows the bit error ratio (BER) averaged over all
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for the 220-Gb/s signal after 100-km SSMF transmission. The DC frequency
corresponds to the frequency of the CW at optical domain.

DMT subcarriers as a function of CSPR. The required CSPR to
sufficiently reduce the SSBI is found to be about 7.5 dB for our
single-polarization DMT signal. We use this value of CSPR for
subsequent fiber transmission.

After one span of 100-km SSMF transmission, the received
signal-to-noise ratios (SNRs) of the re-constructed constella-
tions of all subcarriers are shown in Fig. 10. The recovered
16-QAM and QPSK constellations are shown as insets. The
measured BER, averaged over all DMT subcarriers, is 1.76 x
102, measured with 2.1 million bits. Considering a 20% over-
head soft-decision forward error correction (SD-FEC), a raw
BER of up to 2 x 1072 is assumed to be correctable to yield
a net data rate of 182 Gb/s. The degraded SNR between DC
and 10 GHz is apparent from Fig. 8, where the SNR after
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Fig. 11.  Schemetic architecture of a PDM KK transceiver.

KK processing (gap between blue and orange data points) is
lower in that spectral region, i.e., the residual SSBI is not re-
moved as well there. This may be caused by magnitude and
phase distortions of the opto-electronic front-end, as discussed
in Section VII.

IV. DUAL-POLARIZATION KK RECEIVER WITH LO

In order to extend the KK principle to a dual-polarization
scenario, a polarization-diversity setup has to be used at the re-
ceiver, as shown in Fig. 11, whereby the optical field in both
polarizations is independently recovered using the KK algo-
rithm and standard 2 x 2 MIMO processing is used to separate
the two transmit signal polarizations. Note that in this case the
CW tone can no longer be generated at the TX and transmitted
together with the signal. A separate CW tone is needed at the
receiver in both signal polarizations to fulfil the KK condition,
but there is no passive linear optical device capable of split-
ting a CW light source with an arbitrary input polarization into
two orthogonal polarizations with equal power [28]; therefore, a
self-coherent polarization-diversity receiver architecture is not
an option. For example, one might think of transmitting two
identical-frequency CW tones in the two orthogonal signal po-
larizations, which would work if the channel was polarization
maintaining. However, as these two CW tones would add up
to a single tone polarized at 45 degrees (or at some elliptical
superposition), it could happen for some random channel polar-
ization rotations that the combined CW tone is aligned with one
of the receiver’s polarization axes. In that case, one polarization-
diversity receiver path would get the full CW power while the
other path would not get any CW power, which would make KK
detection impossible for that second path. Counter to what is er-
roneously reported in [29], this problem is turned into a slow
fading and is hence not resolved through different-frequency
CW tones co-propagating in orthogonal signal polarizations.
Therefore, if not using the Stokes vector based KK receiver as
proposed in [30], the CW tone has to be generated at the RX in
a polarization-diversity setup. This makes the PDM-KK setup
more closely resemble a conventional heterodyne receiver. How-
ever, for conventional heterodyne detection, either the LO has
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Fig. 12.  DSP procedures in a polarization-multiplexed KK receiver.

to be chosen much stronger than the signal (for single-ended
detection), or a balanced detector has to be used to suppress
the SSBI component. In contrast, KK receivers need only a
relatively weak LO with single-ended photodiode.

In order to save power and footprint, one may re-use a portion
of the transmit laser as a CW tone for the received signal, as
is done in some conventional intradyne transceivers that are
not simultaneously used as regenerative wavelength converters
[31]. For a KK system, this approach only works if the RX
signal is shifted in frequency by B/2 relative to the TX signal,
as illustrated in Fig. 11. Therefore, the lasers on one side of the
link (West-East) have to be offset from the lasers on the other
side of the link (East-West) by B/2. As shown in Fig. 11, the
PDM received signal is first split by a polarization beam splitter
(PBS). Each polarization is combined with an LO tapped from
the transmit laser. The laser’s wavelength and power are set to
ensure the minimum-phase condition for the signal.

After detection, as shown in Fig. 12, opto-electronic front-
end correction may optionally be applied (not performed in
our experiments but discussed through simulation results in
Section VII), and the KK algorithm is performed on each po-
larization separately to recover the two optical fields. Subse-
quently, digital dispersion compensation and standard 2x2 but-
terfly equalization is done to recover the PDM signals. No opti-
cal polarization tracking is needed.

Compared with the single-polarization KK setup discussed in
Section III, re-using the local laser also saves energy compared
to generating the tone at the transmitter, as the CW tone does
not need to go through fiber transmission losses, and avoiding
its electrical or optical generation at the TX significantly sim-
plifies the TX structure. We want to re-emphasize that no phase
synchronization between the CW tone and the signal is needed
for the KK algorithm to work, which is particularly important
when adding the CW tone at the RX instead of at the TX.

It is worth noting that we use 3-dB couplers to combine CW
tone and signal in the two polarizations. This induces a 3-dB
power loss on both signal and LO. However, if the system is
OSNR limited, a power loss right before the photodiode does
not affect performance. If system performance is limited by
the receiver’s electronics noise, the 3-dB loss induced by the
coupler will degrade signal quality. If this is the case, 10:90
couplers can be used, emphasizing either the power-limited LO
or the power-limited signal, whatever is more convenient from
a system architecture perspective.
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V. BI-DIRECTIONAL WDM SYSTEM BASED ON
DUAL-POLARIZATION KK RECEIVERS WITH LO

An important aspect of DCI WDM systems is the cost-
effective implementation of optical multiplexing and demul-
tiplexing components, notably their bandwidths, roll-offs, and
frequency stabilities. As shown in Fig. 13(a), a regular WDM
frequency grid (channel spacing B¢y ) together with reasonable
optical filter characteristics results in residual frequency compo-
nents of the two neighboring WDM channels that would reach
the photodetector of the channel to be detected. The residual
signal that is further away from the CW tone (at lower optical
frequencies in Fig. 13(a)) is less critical, as it produces beat sig-
nals that are out-of-band of the signal of interest. On the other
hand, the residual signal that is closer to the CW tone (at higher
optical frequencies in Fig. 13(a)) violates the single-sideband
condition underlying the KK re-construction scheme and hence
leads to worse re-construction penalties. To avoid these issues,
we proposed in [24] the asymmetric WDM channel plan shown
in Fig. 13(b), which ensures that the single-sideband condition
is met even for realistic low-cost optical filter characteristics,
without sacrificing spectral efficiency compared to Fig. 13(a).
The conditions that (i) realistic WDM demultiplexers are peri-
odic in frequency, in this case with a period of 2By instead of
Bc, assuming an even/odd channel architecture, and that (ii)
the East-West channel grid needs to be offset from the West-East
channel grid by B/2 in order to re-use the TX laser as an LO,
leads to the channel plan shown in Fig. 13(b), with WDM filters
on a 2Bcy grid and CW tones spaced alternatingly at By -B/2
and By +B/2: To see this, we denote by AB and §B the larger
and the smaller of the channel frequency gaps on an asymmetric
channel grid, respectively, and write the periodicity conditions
as (cf. also Figs. 14 and 15)

2B +0B + AB = 2B¢y, 4)
and
B+ AB=2B+ 6B (®)]

which together yields AB = B¢j, — B/2and 0B = Bgj, —
3B/2 for the two channel gaps, and 6 f = B¢, — B/2, and
Af = By, + B/2forthe large (Af) and small (Jf) laser spac-
ings.
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Fig. 15.  Schematic spectra of the investigated WDM KK system.

To de-multiplex the WDM signals, rather than using much
more difficult to fabricate narrow-band yet steep roll-off arrayed
waveguide gratings (AWGs) to select individual channels, we
use an interleaver (IL) based architecture in combination with
AWGs at twice the bandwidth, as is commonly employed in
such situations [32] and as shown in Fig. 14. The architecture
is based on the fact that ILs with steep roll-offs are readily
available, which significantly relaxes the roll-off and bandwidth
requirements on the AWGs for cost-effective implementations.
The transmit channels are combined using even and odd chan-
nel AWGs at twice the link’s channel grid B¢y . Even and odd
channel sets are then combined using a 3-dB coupler. Optical
amplifiers are used as needed to compensate for component
and fiber losses. At the receiver, the WDM channels are first
split by a 3-dB coupler and then filtered by two individual de-
interleavers (not used to de-interleave but as periodic bandpass
filters; IL-O and IL-E, for odd and even channels). The two
ILs have slight frequency offsets of about £20% of the signal
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.
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Fig. 16  Experimental setup for 4 x 240-Gb/s WDM PDM 100-km transmis-
sion based on KK receivers.

bandwidth B (~=£5 GHz in our case) with respect to the grid
(which will become apparent in our frequency offset measure-
ments reported in Fig. 19). Importantly, the ILs are only used
as periodic filters and not to separate even and odd channels.
Replacing the 3-dB splitter and the pair of ILs by a single IL
could be done by foregoing the slight frequency offsets of op-
timally aligned IL grids. Fig. 15 sketches the overall spectral
plans for TX and RX at both ends of the link. Every chan-
nel has one wide gap AB = (B —B/2) and one narrow
gap 0B = (Byy —3B/2) to its two nearest neighbors. Note
that although the transponders share lasers for TX and RX in
the proposed WDM architecture, the West-East and East-West
links use two separate fibers. Therefore, interference due to
bi-directional transmission is not an issue.

VI. EXPERIMENTAL DEMONSTRATION OF WDM PDM KK

We use four channels per direction to demonstrate our pro-
posed KK-based WDM PDM system. The experimental setup is
shown in Fig. 16. At the transmitter, four ECLs around 1550 nm
are used. They are grouped into odd and even channels, modu-
lated by two dual-polarization I/Q modulators. The modulators
are fed by two sets of four 8-bit DACs (88 GSa/s) for data
modulation. The I/Q modulators are biased at their transmission
nulls and generate two independent root-raised-cosine (RRC)
shaped single-carrier 24-GBaud 32-QAM signals with a roll-
off factor of 0.01. Thus, the line rate per channel is 240 Gb/s (=
Sbits/symbolx24GBaud*2Polarizations). Odd and even chan-
nels are combined using a power combiner. In the overall chan-
nel plan, the channel grid is Bcy = 37.5 GHz, the narrow
frequency gap 0B = (Bc-3/2B) is 1.5 GHz, and the wider fre-
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Fig. 18. BER as a function of CSPR.

quency gap AB = (B¢y-B/2) is 25.5 GHz. Considering 20%
FEC overhead, the spectral efficiency of the WDM system is 5.3
bits/s/Hz ( = 240 Gbps /1.2 /37.5 GHz), which is significantly
higher than what can be achieved using competing single-diode
approaches like IM-DD PAM-4.

After 100-km SSMF transmission, the received four chan-
nels are amplified and demutiplexed. As shown in Fig. 16, we
use a wavelength selective switch (WSS) to emulate different
bandwidths of the IL+AWG combination, as well as different
IL center frequencies. We set the filter shape of the WSS to be a
3rd-order super Gaussian filter, which resembles a practical IL
filter shape [33]. The received WDM channels and filter shapes
(measured) are shown in Fig. 17. The receiver architecture and
DSP follow the diagram shown in Figs. 11 and 12. The two
single-ended photodiodes have a 3-dB bandwidth of 40 GHz. A
63-GHz bandwidth Keysight scope acts as a set of 2 ADCs.

We first measure the BER as a function of the CSPR in back-
to-back (B2B) configuration in a single-channel scenario (when
only CH3 is enabled). From Fig. 18 we see that the BER for
the 240-Gb/s PDM-32-QAM signal starts to floor at ~9-dB
CSPR, which is what we use for all subsequent measurements.
This value is higher than the theoretically predicted ~6 dB and
also slightly higher than the required CSPR (7.5 dB) for our
220-Gb/s single polarization experiment (cf. Fig. 9), but sill
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much less than what one would use in a typical heterodyne
receiver without balanced detection.

We then study the impact of the IL characteristics (bandwidth
and center frequency offset) on the WDM channels (using the
middle channel CH3 as our test channel, and with all four chan-
nels enabled), with a fixed pass-band spacing of 2By =75 GHz
for each IL in B2B configuration. The Q factors (calculated
from measured BERs) are shown in Fig. 19. It can be seen that a
35-GHz IL 3-dB bandwidth gives the best performance, with all
other tested bandwidths (30 GHz and 40 GHz) also having Q
factors better than the assumed 20% overhead FEC limit (BER
and Q thresholds of 1.9 x 102 and 6.3 dB, respectively). The
35-GHz filter can drift within a 20-GHz window. Depending
on the transmission distance, the tolerable drift range is slightly
reduced compared to B2B. In our test case (100-km, cf. Fig. 15),
the tolerable filter drift is reduced from a 20-GHz to an 18-GHz
window.

The launch power is 2 dBm per channel, which was found
to be optimal for the 240-Gb/s signal (cf. Fig. 20). The OSNR
sensitivity for CH3 in WDM operation is shown in Fig. 21.
Results are measured with a 35-GHz IL and optimal center fre-
quencies. The required per-channel OSNR for 100-km SSMF
transmission is 24 dB. About 0.8-dB penalty is observed from
transmission. Insets to Fig. 21 show the constellations of the re-
covered PDM signal. For comparison, we also show in Fig. 21
the OSNR sensitivity of the same received signals without KK
processing. It is obvious that without KK processing, the BER
of the 240-Gb/s 32-QAM signal never reaches the 20% FEC
threshold, even with the highest available OSNR after transmis-
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sion. We conclude that KK detection is a very effective way to
re-construct the optical field without any iterative processing.
The BERS for all channels at full received OSNR (29 dB) are
shown in Fig. 22. All BERs are well below the assumed FEC
limit. CHI and CH4 for West-East have lower BERs due to the
absence of their narrow-spaced neighbors in our setup.

VII. IMPACT OF BANDWIDTH LIMITATIONS ON KK RECEIVERS

In order to effectively re-construct the optical field, the KK
algorithm should be fed with the squared magnitude of the op-
tical field, without any additional distortions from the optical-
to-electrical (O/E) conversion or digitization process. However,
this is usually not true for a practical receiver. Typically, the
receiver (photodiodes, transimpedance amplifier if used, ADCs,
etc.) has bandwidth limitations as well as residual magnitude
and phase responses of its constituent components. In this sec-
tion, we perform numerical simulations to study the impact of
receiver bandwidth limitations on the KK algorithm.

We numerically generate single-polarization data at a line rate
of 128 Gb/s (a 32-GBaud 16-QAM single carrier signal with 1%
RRC pulse shaping). A CW tone is added at one edge of the
signal and the signal is detected by a square-law single-ended
photodiode. After the photodiode, a first-order RC filter (exam-
ples shown in Fig. 23) is added to emulate magnitude and phase
response of a simple opto-electronic front-end. The CSPR is
kept at 8 dB for all simulations. The simulation is done in a
back-to-back setting without adding chromatic dispersion. We
compare the results with perfectly balanced heterodyne detec-
tion (i.e., with perfect optical field re-construction free of SSBI).
The same RC filters are used for both the heterodyne receiver
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b
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Fig. 23.  Two examples of simulated bandwidth limitations of the receiver.

Solid blue and yellow lines represent power profiles of the RC filters. Dashed
bue and yellow lines represent phase profiles of the RF filters.
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and the KK receiver. We assume that system noise is dominated
by ASE, thus no receiver electronics noise is considered. This
implies that the receiver only adds magnitude and phase dis-
tortions to the electrical signal, but no additional noise. After
optical field re-construction, the heterodyne receiver and the KK
receiver use the same DSP (a least mean square equalizer) for
channel equalization. The OSNR is defined as the signal power
plus the CW power divided by the noise power in two polariza-
tions in a 0.1 nm optical noise reference bandwidth. No optical
filter is used to reject the ASE noise on the other side of the
CW. The simulated system setup is the same as the one shown
in Fig. 4, and a perfect transmitter is assumed. This is to keep
the simulation conditions as simple as possible to study only the
sensitivity of KK field re-construction to electrical distortions.
We first vary the 3-dB bandwidth of the RC filter from 20-
GHz to 40-GHz and check the OSNR sensitivity of the 128 Gb/s
16-QAM signal. The results are shown in Fig. 24. For compar-
ison, we plot the OSNR sensitivity of an ideal KK receiver
without bandwidth limitations for comparison. Note that due to
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the peaky nature of the 1% RRC shaped waveform, with a CSPR
of 8 dB, the minimum-phase condition for KK processing is not
perfectly satisfied. Therefore, the OSNR sensitivity of an ideal
KK receiver is a bit worse than a balanced detector based het-
erodyne coherent receiver (0.5 dB worse at BER of 1 x 1073).
Similar OSNR sensitivity differences are also observed in other
simulation results [20]. It can be seen that a receiver with a
3-dB bandwidth of 20 GHz induces a 2.3-dB OSNR penalty
at the 7% FEC threshold of BER = 3.8 x 107, We also plot
the results for an ideal heterodyne receiver, and for a hetero-
dyne receiver with a 20-GHz RC bandwidth for comparison.
As neither receiver noise nor ADC quantization are considered,
the heterodyne receiver does not have any OSNR penalty for
significant RC filtering, since the adaptive equalizer can always
equalize the waveform. However, for KK receivers, as expected,
electrical distortions affect the optical field re-construction.

We further study the impact of phase and magnitude dis-
tortions separately, by adding only the RC phase response or
the RC magnitude response individually to the detected signals.
(Conceptual concerns of violated filter causality for these hy-
pothetic test cases can be addressed through the assumption of
an additional, arbitrarily long delay element that does not af-
fect system performance.) We simulate BER vs. OSNR curves
as shown in Fig. 24 and read OSNR penalties at 20% and 7%
FEC levels (BER = 1.9 x 1072 and BER = 3.8 x 107%). The
penalties are shown in Fig. 25. It can be seen that the magni-
tude response has a much more severe impact than the phase
response, but even a phase response as benign as that of an
RC low-pass filter can produce a ~0.5-dB penalty during KK
detection. More abrupt phase or amplitude changes (such as
those due to resonances in real high-speed electronic and opto-
electronic packages) may yield more severe penalties, whose
detailed study is beyond the scope of this paper.

The above simulation results indicate that magnitude and
phase distortions within the signal bandwidth should be first
compensated before applying the KK algorithm to re-construct
the optical field effectively. While no such compensation was
done in any of the experiments reported in this paper, we expect
further improvement from performing the required calibration
and compensation.
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VIII. CONCLUSIONS

We reviewed two recently reported experimental demonstra-
tions of KK-based receivers [21], [24], a single-diode, single-
polarization KK receiver and a dual-polarization KK receiver
using a local oscillator. Using a 63-GHz bandwidth single-diode
KK receiver, we transmitted DMT signals with a line rate of
220-Gb/s (a net data rate of 182 Gb/s) over a 100-km SSMF
link without optical dispersion management. We also demon-
strated 4-channel PDM and WDM 100-km SSMF transmission
based on PDM-KK receivers. The 24-GBaud 32-QAM channels
were asymmetrically placed on a 37.5-GHz channel grid and
the achieved spectral efficiency was 5.3 bits/s/Hz. The designed
WDM system can use a practical 3'-order super Gaussian IL
shape and shows a tolerance to center frequency drifts within an
18-GHz window.
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