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Abstract—As link bit rates within and between data centers
continue to increase, it is challenging to maintain low power con-
sumption while accommodating ever-tighter optical link budgets.
Although power consumption can be reduced by co-packaging
optical transceivers with electrical switches and employing optical
switching, both approaches increase losses, further compressing
link budgets. Local oscillator-based coherent receivers tradition-
ally employed for long-haul systems provide a path to higher bit
rates and improved link budgets, but their power consumption is
excessive owing to high-speed digital signal processing (DSP). We
discuss alternative designs for coherent receivers, such as DSP-free
coherent receivers and Kramers–Kronig (KK) receivers. We com-
pare them in terms of receiver sensitivity, power consumption, and
complexity.

Index Terms—Coherent detection, data centers, differentially
coherent detection, direct detection, Kramers–Kronig receiver,
stokes vector receiver.

I. INTRODUCTION

S CALING the capacity of data center links has long relied
on using multiple wavelengths or multiple fibers carrying

conventional noncoherent formats such as on-off keying and,
more recently, four-level pulse amplitude modulation (4-PAM).
As these formats encode information only in signal intensity,
increasing the data rate per wavelength becomes progressively
more challenging as the symbol rate increases. Hence, further
scaling the throughput per wavelength requires leveraging more
degrees of freedom of the optical channel. Conventional co-
herent detection with polarization multiplexing and a strong
local oscillator (LO) recovers phase and magnitude in each
polarization, thus utilizing all four degrees of freedom of the
optical channel, while maximizing optical power efficiency.

Coherent receivers are widely used in long-haul communi-
cations, but data center applications require redesigning those
receivers to satisfy strict constraints on cost and power consump-
tion. Research on coherent detection for data centers has sought
to meet those goals by simplifying receiver signal processing or
simplifying receiver optics.

On the simpler signal processing front, coherent receivers
based on analog signal processing have been proposed to reduce
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the overall receiver cost and power consumption by avoiding
power-hungry analog-to-digital converters (ADC) and digital
signal processors (DSP). For example, Nambath et al. have
demonstrated a coherent receiver that performs both polariza-
tion and carrier phase recovery using analog multipliers [1].
In [2], we proposed polarization recovery based on cascaded
phase shifters, while carrier phase recovery is accomplished
by a multiplier-free phase-locked loop (PLL). Morsy-Osman
et al. [3] proposed phase-shifter-based polarization recovery,
while avoiding carrier phase recovery by using the transmitter
laser as the LO. Adaptive analog equalization has also been
proposed [4] to make such DSP-free receivers more tolerant to
chromatic dispersion (CD) or other linear filtering impairments.

On the simpler optics front, the class of Kramers-Kronig
(KK) receivers proposed by Meccozzi et al. [5] has gained
popularity. These receivers perform simple direct detection
(requiring no LO or 90-degree optical hybrid) and digitally
reconstruct the phase information for coherent detection from
an intensity measurement. However, compared to conventional
coherent detection, the KK receiver has some important draw-
backs. First, without a strong LO, there is no amplification during
optical-to-electrical downconversion, which substantially limits
the receiver sensitivity in unamplified links. Moreover, the KK
receiver requires a strong unmodulated carrier, which further
hurts its power efficiency compared to conventional coherent
detection. Furthermore, the overall KK system complexity may
still be prohibitively high for data center applications [6]. In addi-
tion to the signal processing to recover the phase information, the
required sampling rate is doubled and narrow optical filters are
required. Many recent works have demonstrated high-bit-rate
transmission using KK receivers, but these demonstrations have
relied on optical amplifiers to improve the KK receiver’s optical
power efficiency.

This paper provides a review of detection methods for data
center applications with emphasis on coherent detection. In
Section II, we start by reviewing optical detection methods in the
context of data center networks and discuss their advantages and
drawbacks. In Section III, we review typical implementations of
the most promising detection techniques and present results on
receiver sensitivity for non-amplified links and required optical
signal noise rate (OSNR) for amplified links. In Section IV, we
discuss the overall complexity of these different methods. In
Section V, we conclude the paper.

II. OPTICAL DETECTION METHODS

Table I summarizes optical detection methods and considers
LO-based and LO-free downconversion. Although some of the
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TABLE I
DOWNCONVERSION AND DETECTION METHODS

Acronyms: On-off keying (OOK), pulse-amplitude modulation (PAM), orthogonal frequency-division multiplexing (OFDM), discrete multitone (DMT), frequency bank multicarrier
(FBMC), wide-deviation frequency shift keying (WD-FSK), phase shift keying (PSK), differential PSK (DSPK), continuous phase frequency shift keying (CPFSK), polarization
shift keying (PolSK), quadrature amplitude modulation (QAM).

alternatives presented do not appear to be practically compelling
(e.g., noncoherent detection with LO), they are included for
completeness. The most promising techniques are discussed in
Section III.

The primary goal of an optical receiver is to recover the
transmitted information from noisy signals. To that end, the
receiver extracts decision variables from these noisy signals,
which should contain sufficient statistics to allow for optimal
detection of the transmitted information. Fundamentally, the
detection methods differ on what are the underlying decision
variables and how they are measured from the received noisy
signals. For example, in noncoherent detection, the decision
variable is derived from a measurement of signal energy. For
differentially coherent detection, the decision variables are ex-
tracted from measurements of differential phase between the
symbol of interest and one or more reference symbol(s). It is
also possible to create a hybrid between noncoherent and dif-
ferentially coherent methods, whereby the decision variables are
extracted from signal energy as well as phase difference between
signal dimensions. In coherent detection, the decision variables
are the electric field quadratures in each polarization, which can
be measured after homodyne (or heterodyne) downconversion
or estimated from an intensity measurement, in the case of KK
detection. An in-depth review of detection methods is given
in [7].

Noncoherent detection in the form of direct detection has
been commercially deployed since the early days of opti-
cal communications. Differentially coherent in the form of
delay interferometer and direct detection was successfully
deployed in long-haul communications until coherent detection

(synchronous detection) leveraging powerful DSP became the
workhorse for long-haul communication systems.

Recent research on data centers has focused primarily on
Stokes vector receiver (SVR) [8]–[11] and coherent detection
either in the form of KK detection [5] or synchronous detection
using DSP-free receivers [1]–[3]. These techniques provide
higher spectral efficiency by leveraging more degrees of freedom
of the optical channel. In fact, by inspecting the row “signal di-
mensions in two polarizations” listed in Table I for each detection
method, it is evident that only hybrid noncoherent/differentially
coherent and coherent detection can exploit all four degrees of
freedom of the optical channel.

A. LO-Free vs LO-Based Downconversion

An important distinction between KK (and SVR) detec-
tion and traditional coherent detection is the downconversion
method. Traditional coherent detection employs homodyne LO-
based downconversion, whereby the received signal is mixed
with a LO laser whose frequency is approximately equal to the
transmitter laser frequency. Note that heterodyne downconver-
sion, whereby the LO and transmitter laser frequencies differ by
an intermediate frequency, achieves the same performance as
homodyne downconversion in most practical scenarios [7], but
requires higher receiver bandwidth, since the downconverted
signal is centered around an intermediate frequency. As a result,
for the remainder of this paper we focus only on homodyne
downconversion. On the other hand, KK and SVR do not
necessarily require a LO laser for downconversion, thereby
simplifying the receiver optics. LO-based KK receivers are

Authorized licensed use limited to: Stanford University. Downloaded on January 23,2021 at 04:20:08 UTC from IEEE Xplore.  Restrictions apply. 



732 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 39, NO. 3, FEBRUARY 1, 2021

also feasible, and are discussed in Section III-E. Using an LO
with KK, however, significantly weakens the argument that
KK receivers have lower complexity than traditional coherent
receivers.

Although an LO increases the receiver complexity, LO-based
downconversion offers two key advantages compared to LO-free
downconversion. First, the LO amplification gain can boost
receiver sensitivity by up to 20 dB in unamplified links [12].
This gain is not critical in amplified links, where the receiver is
limited by amplified spontaneous emission (ASE) noise rather
than shot noise. Second, the LO provides an absolute phase
reference, allowing for full recovery of amplitude and phase
components of the electric field. Hence, the receiver can elec-
tronically compensate for linear filtering impairments such as
CD or polarization-mode dispersion (PMD) [13]. In the case
of WDM systems, full recovery of electric field also allows for
selecting the desired channel by electric filtering after down-
conversion. LO-free systems must select a desired channel by
optical filtering before donwconversion.

Consequently, traditional LO-based coherent detection offers
substantially improved receiver sensitivity when compared to
KK and SVR receivers. In fact, high-speed demonstrations of
KK and SVR techniques have relied on optical amplification
to mitigate these power efficiency shortcomings. To compen-
sate for CD or other linear impairments, KK and SVR require
transmission of a strong unmodulated carrier, which further
hurts their optical power efficiency. In the case of KK receivers,
the strong unmodulated carrier is also necessary to satisfy the
minimum-phase condition, which is necessary to allow the
phase to be uniquely reconstructed. As the LO laser provides
an absolute phase reference in traditional coherent detection,
the strong unmodulated carrier plays an analogous role in the
KK receiver. Without it, the signal would no longer satisfy
the minimum-phase condition and consequently its phase could
not be uniquely recovered [5]. It is important to note an key
difference between the unmodulated carrier and the LO: the
strong unmodulated carrier hurts receiver sensitivity, while the
strong LO substantially improves it.

The utilization of a strong LO may also have important ben-
efits for data center links. At the shortest distances in intra-data
center applications (<10 km), where optical links are likely
to remain unamplified, the LO gain could improve receiver
sensitivity by 13 dB compared to 4-PAM while doubling bit
rate [2]. This boost in receiver sensitivity would permit eye-safe
links to support more wavelengths per fiber as well as higher-
order modulation formats, potentially yielding a large increase
in throughput per fiber. Moreover, higher receiver sensitivity
would accommodate higher losses due to propagation over
longer distances (30 km in the O-band results in ∼10 dB of
attenuation) or due to high-insertion-loss components such as
optical switches.

B. Impact of Co-Packaged Optics

Unlike pluggable transceivers, co-packaged systems place
optical and electronic interfaces inside data center switches,
which can reduce overall system power consumption and sup-
port higher density. An important challenge for co-packaged

architectures is that temperature-sensitive optical components,
such as lasers and wavelength multiplexers/demultiplexers, are
placed near heat sources such as switching cores.

Employing light sources external to the switch can obviate the
need to place lasers in the harsh thermal environment, albeit at
the cost of higher losses and more fiber attachments. Introducing
external light sources in co-packaged systems may substantially
facilitate LO-based coherent detection, as sources with low
phase noise and accurately controlled frequency can be used
as both transmitter and LO for one or more optical transceivers,
amortizing their cost.

LO-based coherent detection also provides an opportunity
to overcome the temperature sensitivity of optical demultiplex-
ers [14]. LO-free downconversion requires a narrow optical de-
multiplexer to select the desired channel and minimize crosstalk
from neighboring channels. In LO-based downconversion, the
optical demultiplexer can be coarse since the desired WDM
channel can be selected after downconversion via electrical
filtering, thus eliminating the need of temperature-insensitive
(athermal) demultiplexers in systems using dense WDM [14].

III. TYPICAL EMBODIMENTS

This section details typical implementations of the detection
techniques discussed in Section II such as direct detection,
differentially coherent detection, traditional LO-based coherent
detection, and LO-free KK coherent detection.

A. Direct Detection

Nohcoherent detection of OOK has been traditionally used
in data center links, given its low cost and high receiver sen-
sitivity. As the demand for throughput outgrew what can be
comfortably transmitted using OOK, 4-PAM emerged as a nat-
ural replacement. Orthogonal frequency division multiplexing
(OFDM) variants have also been extensively studied for data
center applications [16], [17].

Fig. 1 compares the performance of 4-PAM and OFDM vari-
ants vs. dispersion for unamplified direct detection systems. The
dispersion axis may be interpreted as total CD in intra-data center
links, or residual CD after optical CD compensation in inter-data
center links. These results were obtained through Monte-Carlo
simulations using the models and parameters described in [15].

For unamplified systems based on positive-intrinsic-negative
(PIN) photodiodes or avalanche photodiodes (APDs), we char-
acterize the performance in terms of the receiver sensitivity
Fig. 1a, defined as the average optical power required to achieve
the target BER given by the forward error correction (FEC) code
threshold. In amplified systems, using either by semiconductor
optical amplifiers (SOAs) or erbium-doped fiber amplifiers (ED-
FAs), it is more appropriate to characterize the performance in
terms of the required OSNR Fig. 1b.

4-PAM outperforms the OFDM candidates in both scenarios.
We considered DC-bias OFDM and asymmetrically clipped
optical (ACO) OFDM. These techniques differ in how they
meet the non-negativity constraint imposed by the intensity-
modulated optical channel. In DC-OFDM, a large DC bias
is added to minimize clipping, thus incurring a large power
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Fig. 1. Comparison of performance of noncoherent techniques vs. chromatic dispersion at 112 Gbit/s. Unamplified systems based on PIN photodiodes or APD
are characterized in terms receiver sensitivity (a), while amplified systems are characterized in terms of OSNR required (b). The x-axis may be interpreted as total
dispersion in intra-data center links or residual dispersion after optical CD compensation in inter-data center links. All curves assume a weak FEC such as RS(255,
239), which has a input BER threshold of 1.8× 10−4. Adapted from [15].

penalty. In ACO-OFDM only the odd sub-carriers are modu-
lated and no bias is added. The signal is clipped around its
mean, and the distortion resulting from clipping only falls on
the even subcarriers [18], which purposely do not carry data.
Hence, ACO-OFDM is more power efficient, but it requires
prohibitively high bandwidth as only half of the subcarriers are
used.

An APD-based receiver for 4-PAM has nearly 4 dB better sen-
sitivity than the PIN-based receiver. The APD gain is optimized
following the procedure in [19], and is approximately 11 dB.
Level spacing optimization improves the receiver sensitivity by
roughly 1 dB for APD-based receivers Fig. 1a, while in amplified
systems Fig. 1b, it results in ∼ 3-dB OSNR improvement.

Fig. 1 shows that after roughly 50 ps/nm of dispersion, the
penalty due to CD increases significantly. This penalty poses
a limit in the reach of intra-data center links and restricts the
maximum residual dispersion after optical CD compensation
in inter-data center links. CD mitigation through linear equal-
ization is only effective when CD is small. Several techniques
have been proposed to extend the uncompensated reach. Perhaps
the most effective is electronic pre-compensation [20], [21],
whereby the transmitted signal is filtered by the inverse of
the fiber frequency response H−1

CD(f) = exp(0.5jβ2(2πf)
2L),

where β2 = −(λ/2πc)D, D is the dispersion parameter, and
λ is the transmission wavelength. In theory, this pre-filtering
can compensate any amount of CD, which must be known at the
transmitter. Nevertheless, pre-compensation comes at the cost of
requiring an I-Q modulator at the transmitter as well as doubling
the signal generation and modulator driver circuitry.

Chirp-managed modulators or line coding techniques such as
duobinary 4-PAM [22] or Tomlinson-Harashima precoding [23]
are less effective, since they do not avoid the power fading
due to CD in IM-DD channels. In [24], Tomlinson-Harashima

precoding was used in conjunction with distributed feedback
equalizers (DFEs) to compensate CD-induced power fading.
Tomlinson-Harashima precoding mitigates the error propaga-
tion penalty in DFEs, which allows transmission of 56 Gbaud
4-PAM up to 50 km using soft-decision FEC and required OSNR
of 38 dB.

Vestigial-sideband (VSB) modulation has been proposed to
allow uncompensated transmission of 4-PAM over 80 km [25].
In VSB, the intensity-modulated 4-PAM is generated as usual,
but the negative sideband is suppressed by an optical filter. The
transmitter laser and the optical filter must have fine wavelength
stabilization in order to ensure filtering of the correct signal
band. Single-sideband (SSB) modulation has generally better
performance than VSB modulation, but comes at the cost of
more complex DSP and requires two DACs, two drivers, and
an I&Q modulator. Moreover, receiver-side DSP must mitigate
the undesirable signal-signal beat interference (SSBI) for either
SSB or VSB modulation. A detailed comparison of SSB and
VSB for OFDM is presented in [26].

B. Differentially Coherent Detection

Differentially coherent detection is performed in practice by
estimating the phase difference between two or more consec-
utive symbols. This precludes the need of an absolute phase
reference, and hence carrier phase recovery is not necessary.
Differential detection, however, has two main disadvantages
compared to coherent detection. First, for the same spectral
efficiency, differential detection has an inherent SNR penalty,
e.g., about 2.4 dB for DQPSK compared to QPSK [2]. Second,
differential detection restricts modulation to PSK formats.

The estimation of the phase difference between two con-
secutive symbols may be realized in the optical domain by
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Fig. 2. Block diagrams of differentially coherent detection methods (a) with-
out LO and (b) with LO. Only X polarization is shown in the diagrams, and Ts

denotes the symbol period. Adapted from [15].

using delay interferometers, as illustrated in Fig. 2(a). This
configuration does not require an LO laser, and the receiver
electronics only needs to perform timing recovery and detection.
The delay caused by the delay interferometer is sensitive to the
wavelength. As a result, the transmitter laser’s frequency drifts
can cause a penalty if not properly compensated by tuning the
delay interferometer [27]. For DP-DQPSK, at 224 Gbit/s without
delay interferometer tuning, a frequency drift of ±800 MHz
would incur a 2-dB penalty.

Differential detection may also be performed in the electrical
domain with an LO laser. Fig. 2 b shows one implementation of
differentially coherent detection, whereby the phase difference
between two symbols is realized in the electrical domain. This
alternative shares the same advantages other LO-based detection
methods, namely substantially improved receiver sensitivity and
electronic CD compensation. However, a large frequency offset
between LO and transmitter laser degrades performance unless
the architecture is modified to perform frequency recovery.
The BER of homodyne M -DPSK in the presence of frequency
error is studied in [28]. As shown in [2], a 2-GHz frequency
offset between transmitter and LO laser incurs nearly 3-dB SNR
penalty.

The diagrams of Fig. 2 only show one polarization and
assume that polarization demultiplexing already has been per-
formed. Similarly to the DSP-free coherent methods discussed
in Section III-D, polarization recovery can be performed using
cascaded phase shifters. One method of controlling these phase
shifters is to minimize the radio frequency (RF) power spectral
density of the optical signal after the final phase shifter [29].

Fig. 3 shows the performance of homodyne DQPSK without
frequency error. In unamplified systems (Fig. 3 a), the LO laser
provides sufficient gain that differential detection incurs only
a small penalty relative to coherent detection. This penalty
of differential detection relative to coherent detection is also
evident in amplified systems (Fig. 3 b). DQPSK without an
LO has significantly poorer receiver sensitivity in unamplified

systems, such as intra-data center links. However, the OSNR
required in amplified systems remains approximately the same
as that of a LO-based DQPSK receiver.

C. DSP-Based LO-Based Coherent Detection

Coherent detection based on high-speed DSP is a ma-
ture technology in long-haul systems, but it may be cur-
rently unsuitable for data center links, where cost and power
consumption are paramount. DSP-based coherent solutions
may eventually become viable for short-reach applications by
leveraging more power-efficient complementary metal-oxide-
semiconductor (CMOS) processes and optimizing DSP archi-
tectures for short-reach applications, where fiber impairments
are less severe.

Fig. 4 shows a typical implementation of a dual-polarization
DSP-based coherent receiver. The incoming signal is split and
combined with orthogonal polarizations of the LO laser in
two independent 90◦ hybrids. After balanced photodetection,
transimpedance amplifiers (TIAs) with automatic gain control
(AGC), and low-pass filtering (LPF) to minimize noise and alias-
ing, the four outputs are sampled by high-speed ADCs. The DSP
stage performs functions such as polarization demultiplexing,
PMD compensation, CD compensation, carrier recovery and
clock recovery. Some implementations place the DSP chip on
the line card itself with an analog interface to the pluggable
transceivers, which are referred to as analog coherent optics.
While this can increase transceiver port density, it essentially
offloads the power consumption to elsewhere in the system.

The power consumption of the various operations performed
by the receiver was extensively studied in [30]. The most power-
hungry operations are CD equalization and polarization demul-
tiplexing with PMD compensation, which together amount to
roughly 55% of the receiver power consumption [30].

Short-reach links in data centers are subject to lower CD
and negligible PMD, hence both CD and PMD filters can
be simplified. As discussed in [2], in the small CD regime
(<200 ps/nm), the 2× 2 MIMO equalizer responsible for PMD
compensation and polarization demultiplexing can also perform
CD compensation, thus avoiding dedicated CD compensation
filters. Moreover, if the mean differential group delay (DGD)
between the two polarizations is much smaller than the sampling
rate, the polarizations will appear syncronized at the receiver.
As a result, the cross-polarization filters in the 2× 2 MIMO
equalizer can be replaced by simple scaling factors, thus halving
the number of operations performed by the filter. Assuming
a sampling rate of 70 GS/s (oversampling ratio of 5/4 at 56
Gbaud), and PMD of 0.1 ps/

√
km, the small-DGD approxima-

tion holds up to ∼200 km. Filter coefficient update equations
using either least-mean squares (LMS) or constant-modulus
amplitude (CMA) algorithms are given in [2, Appendix 2].

To simplify the complexity of the CD equalizers, Martins
et al. [31] have proposed a distributive finite-impulse response
(FIR) equalizer that sharply reduces the number of required
operations. Due to quantization of the filter coefficients, many
filter taps share the same coefficient value. These taps with
same coefficient can be combined into a single multiplier. Com-
pared to a conventional frequency-domain CD equalizer, their
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Fig. 3. Comparison of performance of coherent detection schemes vs. dispersion at 224 Gbit/s. Unamplified systems are characterized in terms of (a) receiver
sensitivity, while amplified systems are characterized in terms of (b) OSNR required. The x-axis may be interpreted as total dispersion in intra-data center links or
residual dispersion after optical CD compensation in inter-data center links. All curves assume a weak FEC such as RS(255, 239), which has a input BER threshold
of 1.8× 10−4. Adapted from [15].

Fig. 4. Block diagram of a DSP-based coherent receiver. Acronyms: local
oscillator (LO), transimpedance amplifier (TIA), automatic gain control (AGC),
analog-to-digital converter (ADC), digital signal processor (DSP). Adapted
from [15].

distributive FIR equalizer requires 99% fewer multiplications
and 30% fewer additions [31].

D. DSP-Free LO-Based Coherent Detection

Coherent detection using analog signal processing was stud-
ied extensively in the 1980 s and early 1990s [32], but the advent
of the EDFA and later DSP-based coherent detection diminished
its popularity.

A coherent receiver must perform three basic operations: po-
larization demultiplexing, carrier recovery, and timing recovery.
In traditional long-haul coherent receivers all these operations
have been performed digitally. Fig. 5 shows an example of how
to realize these operations without DSP [2].

Polarization demultiplexing is performed by optical phase
shifters that are controlled by low-speed circuitry. Other re-
ceiver operations such as carrier recovery, timing recovery and

detection are performed in the high-speed analog electronics
stage. Timing recovery and detection may be realized using
conventional clock and data recovery (CDR) techniques [33];
thus, we do not discuss them further herein.

The polarization controller, shown in the inset in Fig. 5, must
recover the transmitted state of polarization by inverting the fiber
Jones matrix. Three cascaded phase shifter pairs can perform any
arbitrary polarization rotation [34]. In the inset, the variables
φ0, θ, and φ1 indicate the amounts of differential phase shifts
in the phase shifters. One way to control these variables is to
transmit a marker tone in one quadrature of one polarization and
minimize its presence in the other quadrature and polarization
at the receiver. We have demonstrated compensation of up to
700 rd/s of polarization rotation in Monte Carlo simulations [2].
Faster tracking speeds can be obtained by using larger angle
changes in the phase shifters, resulting in slightly higher av-
erage polarization compensation error, a tradeoff that can be
optimized. This method can be used for QPSK, as well as for
16-QAM and higher-order formats. The phase shifters can be
fabricated in silica, lithium niobate or any other material that
has low loss and allows integration of a sequence of phase
shifters. These can have very low loss, especially if thermal
phase shifters are used. Because the polarization demultiplexing
process is performed through phase shifts and coupling, the
underlying waveguides do not need to support two polarizations.
Endless polarization control can be achieved by cascading more
phase shifting sections or using an electro-optic material such as
lithium niobate for phase shifters and resetting them fast enough
to allow interleaving and FEC to correct the burst errors. As po-
larization rotation through data center fibers varies slowly with
time (typically on a millisecond time scale) [35], the polarization
signal processing in Fig. 5 can be implemented with low-speed
electronic microcontrollers.
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Fig. 5. Block diagram of coherent receiver architectures based on analog signal processing. Acronyms: local oscillator (LO), polarization beam splitter (PBS),
polarization beam rotator (PBR), transimpedance amplifier (TIA), automatic gain control (AGC), low-pass filter (LPF). Adapted from [15].

Fig. 6. Block diagrams of carrier recovery for an analog coherent receiver based on analog (a) OPLL and (b) EPLL (shown for one polarization only). The phase
estimator block is detailed in (c), where LIA denotes limiting amplifiers, and ABS denotes full-wave rectifiers. Adapted from [15].

Carrier recovery is based on a phase-locked loop (PLL). The
high-speed analog electronics stage is detailed in Fig. 6 for
carrier recovery based on optical PLL (OPLL) and electrical
PLL (EPLL).

In an OPLL (Fig. 6 a), the LO laser is frequency-modulated
by the frequency correction signal generated by the CR stage.
Hence, an OPLL requires a LO laser with wideband frequency
modulation (FM) response and short propagation delay along
the entire optical and electrical path around the loop and back to
the LO FM input. Minimizing the loop delay is one of the main
challenges in OPLL design, since the loop includes the LO laser,
90◦ hybrid, photodiodes, and all the subsequent electronics in
carrier recovery, which may not be realized within the same

chip. Notably, Park et al. have demonstrated loop delays of only
120 ps for a highly integrated 40 Gbit/s binary PSK coherent
receiver [36].

An EPLL (Fig. 6 b) implementation eliminates requirements
on LO laser FM response and on propagation delay at the cost of
more complex analog electronics. Specifically, an EPLL requires
a SSB mixer in each polarization to de-rotate the incoming
signals (see Fig. 6 b), since the transmitter and LO lasers are
not phase locked. Additionally, the frequency offset between the
transmitter and LO lasers must always be within the lock-in and
hold-in ranges of the EPLL, which are practically limited by the
voltage-controlled oscillator (VCO) frequency range (typically
up to 10 GHz). Meeting this constraint by precise temperature
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control of individual transmitter and LO lasers, as in long-haul
systems, may be too costly and power-hungry for data centers. A
more cost- and power-efficient approach is to share external light
sources among multiple transceivers, thus amortizing their cost.
Alternatively, provided the channel spacing is sufficiently large,
the LO laser frequency may be actively tuned by a frequency
error estimation stage based on relatively simple frequency
discriminator circuit [37].

Other examples of DSP-free coherent receivers differ on
how they accomplish polarization recovery and carrier phase
recovery. For example, in [38] all the receiver operations are
performed with analog electronics. Polarization recovery is done
by a 2× 2 multiplier chain, and carrier recovery is done using
a multiplier-based Costas loop. In the “coherent lite” concept
proposed by Morsy-Osman et al. [3], polarization recovery is
also accomplished optically with phase shifters, but carrier phase
recovery is avoided by mixing the receiver signal with a copy of
the transmit laser, which is delivered to the receiver via a separate
fiber. Since the signal and reference are derived from the same
laser source, phase recovery can be eliminated as long as the two
signals are synchronized within coherence time of phase noise.
However, requiring an extra fiber may not be practical, since
the additional fiber could be used for transmitting data and thus
doubling throughput.

Fig. 3 shows the performance of various coherent and dif-
ferentially coherent systems as a function of dispersion (or
residual dispersion after optical dispersion compensation). The
performance shown in Fig. 3 for DSP-based coherent receivers
is independent of dispersion, as CD is compensated effectively
by digital equalization. DSP-based coherent detection systems
can use higher-order modulation, such as 16-QAM, to reduce
the bandwidth required of eletro-optic components. At small
dispersion (< 30 ps/nm), there is roughly a 1.6 dB gap between
DSP-based and DSP-free DP-QPSK receivers. This penalty is
due to imperfect receiver filtering. While the DSP-based digital
adaptive equalizer converges to the optimal matched filter and
achieves near-optimal performance, the DSP-free receiver uses
a fixed low-pass filter, in this case fifth-order Bessel filter with
noise bandwidth of 40.7 GHz.

As dispersion increases, the receiver sensitivity decreases or
OSNR required increases sharply, since the receiver does not
equalize CD. Nonetheless, the sensitivity would allow unam-
plified eye-safe systems near 1310 nm to achieve a reach up
to 40 km. In fact, systems with 100 GHz wavelength spacing
could support 49 channels with 5 dB of margin, and systems
with 200 GHz wavelength spacing could support 25 channels
with 8 dB of margin.

The performance gap between DSP-free and DSP-based re-
ceivers can be reduced by leveraging analog equalization as pro-
posed in [4]. This equalization is realized by using the constant
modulus algorithm for blind adaptation of the coefficients of a
4× 4 two-tap finite-impulse response filter realized in 130 nm
SiGe BiCMOS technology. Although all-analog equalization
does not offer the same flexibility or near-optimal performance
of digital equalization, it requires substantially lower power
since all the operations are still performed in the analog domain,
thus avoiding high-speed ADCs and DSP.

Fig. 7. 16-QAM signal becoming minimum-phase by increasing the carrier
component. Adapted from [5].

E. Kramers-Kronig Coherent Detection

KK detection simplifies the optics of a coherent receiver
by eliminating the need for a LO laser and 90-degree optical
hybrid. The KK receiver performs simple direct detection and
digitally recovers the electric field quadratures from a signal
intensity measurement [5]. Consider a complex data-carrying
band-limited signal s(t) = |s(t)|ejφ(t) whose spectrum is con-
tained between −B/2 and B/2. We can construct a SSB form
of s(t) such that

E(t) = E0 + s(t) exp(−jπBt), (1)

whereE0 is a constant corresponding to an unmodulated carrier.
Given the photocurrent after direct detection i(t) = |E(t)|2,

where we omit the photodiode responsivity for simplicity. The
signal s(t) can be reconstructed as follows:

s(t) =
(√

i(t) exp(jφ(t))− E0

)
exp(jπBt), (2)

where the signal phase φ(t) is given by

φ(t) = H{log i(t)}, (3)

where H{·} denotes the Hilbert transform.
However, the phase φ(t) can only be uniquely recovered as

long as the signal E(t) satisfies a minimum-phase condition [5].
A necessary and sufficient condition for minimum phase is that
the time-domain trajectory of E(t) does not encircle the origin.
As shown in Fig. 7, not only must the signal constellation points
occupy a bounded region away from the origin, the waveform
transitioning between them must also not encircle the origin.
In order to satisfy this condition, it is necessary and sufficient
to have |E0| > |s(t)|, i.e., the unmodulated carrier component
must be sufficiently strong [5]. Additionally, because the in-
tensity waveform is sampled instead of the electric field, the
minimum sampling rate must be twice the bandwidth of the
optical signal.

In most embodiments of KK detection, a carrier component is
added at the transmitter sufficient to ensure the received signal
satisfies the minimum-phase condition. An alternative is to add
the carrier component at the receiver, combining the received
signal with a LO frequency-aligned to the left band edge of
the information-bearing signal spectrum [5]. Multiplexing data
on two polarizations is an attractive method for doubling the
bit rate of future links, as doubling the baud rate is difficult.
While for single-polarization signals, increasing the carrier com-
ponent at the transmitter can ensure that a received signal is
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TABLE II
KRAMERS-KRONIG EXPERIMENTAL DEMONSTRATIONS

Fig. 8. Dual-polarization KK receiver architecture using a PBS and LO.
Optical couplers combine the signals in each polarization with the LO, ensuring
that the signals at the photodiodes are minimum-phase.

minimum-phase, this method is not effective for polarization-
multiplexed signals. Even if the two multiplexed data signals
are individually minimum-phase, after propagating through a
fiber described by an arbitrary unitary Jones matrix, the signals
received on two arbitrary orthogonal polarizations are generally
no longer. As a consequence, if one splits the received signal into
arbitrary orthogonal components using a PBS and detects them
separately using KK receivers, it is not possible to recover the
transmitted data. One solution, as shown in Fig. 8, is to mix the
two outputs of the PBS with a frequency-aligned LO, ensuring
that both signals are minimum-phase. However, the addition
of a LO at the receiver significantly compromises the receiver
architecture simplification that KK promises. A proposed option
to reduce complexity is to tap part of the transmitter laser optical
power to use for the LO in a bidirectional link, but this same
approach could be used to enable a conventional LO-based
coherent receiver, which offers important advantages over the
KK receiver. An alternative approach enabling dual-polarization
KK reception without an LO would involve employ an optical
polarization controller at the receiver. The use of marker tones
could enable complete demultiplexing by the polarization con-
troller, or sufficient demultiplexing to ensure that the signal on
each of the two polarizations is minimum-phase, with additional
demultiplexing being performed in DSP after phase retrieval.

Table II summarizes recent experimental demonstrations of
KK transmission schemes. The achieved distances generally
fall within the amplified inter-data center links range of about

100 km, making the KK receiver an option for this application.
With per-wavelength, per-polarization bit rates demonstrated
between 200 Gb/s and 300 Gb/s, KK receivers have demon-
strated the ability to meet the data rate and reach requirements
for current generation inter-data center links. However, with the
number of fibers for these links being critical, it is necessary
to transmit on both polarizations to be a suitable solution. For
dual-polarization demonstrations [39] [41], a frequency-aligned
local oscillator signal at the receiver was required, which greatly
diminishes the complexity advantage of KK versus conventional
coherent links for inter-data center applications.

The complexity of the KK receiver was studied by Fullner, et
al. [6], in which they were able to experimentally demonstrate
single-wavelength KK transmission at 267 Gb/s over 300 km
of SSMF by using 33 FIR filter taps, which can be realized
in hardware using 8 filter taps due to zero-value coefficients
and symmetry. There is a significant performance penalty when
they compare KK transmission to coherent transmission using
an intradyne receiver. While this relatively low-complexity im-
plementation simplifies receiver DSP, the stringent requirements
of optical filters necessary for KK transmission make the com-
plexity advantages versus coherent transmission less attractive.

The KK receiver enables coherent transmission without re-
quiring a LO, significantly reducing the complexity of receiver
optics. However, the additional optical power of transmitting a
carrier signal along with data significantly reduces reach. Higher
sampling rates, along with strict optical filter requirements,
further increase the complexity of the receiver.

IV. COMPLEXITY AND POWER CONSUMPTION

CONSIDERATIONS

Section III compared the performance of the various detection
methods and modulation formats in terms of receiver sensitivity
and OSNR required. This section focuses on the overall com-
plexity of these schemes.

Table III summarizes the main complexity differences be-
tween the various schemes discussed in this paper. This compar-
ison covers the number of degrees of freedom (DoF), spectral
efficiency, modulator type, complexity of the optical receiver,
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TABLE III
COMPLEXITY COMPARISON. ACRONYMS: DEGREES OF FREEDOM (DOF), SPECTRAL EFFICIENCY (SE), ANALOG-TO-DIGITAL CONVERTER (ADC), CHROMATIC

DISPERSION (CD), DIGITAL SIGNAL PROCESSING (DSP), PULSE-AMPLITUDE MODULATION (PAM), DUAL-POLARIZATION (DP), QUADRATURE AMPLITUDE

MODULATION (QAM), KRAMERS-KRONIG (KK), INTENSITY MODULATION (IM), 90-DEGREE OPTICAL HYBRID (OH), PHOTODIODE (PD), TIME-DOMAIN

EQUALIZER (TD-EQ), MULTIPLE-INPUT MULTIPLE OUTPUT (MIMO), CARRIER RECOVERY (CR), SINGLE-SIDE BAND (SSB) AND KRAMERS–KRONIG-PHASE

ESTIMATION (KK-PE)

number of ADCs, capability to electronically compensate for
CD, and DSP operations required at the receiver.

Noncoherent detection in the form of 4-PAM has lowest
complexity, but it cannot easily scale beyond 100 Gbit/s due
to the limited degrees of freedom and spectral efficiency. DSP-
based coherent schemes provide significant CD compensation
capabilities but can be power-hungry due to their high-speed
electronics. DSP-free coherent solutions have similar, or more,
optical complexity, but may offer lower power consumption by
removing power-hungry ADCs and DSP. KK receivers simplify
the complexity of receiver optics but require fairly complex
DSP to extract the complex-valued signal from the intensity
waveform, which is sampled at at least twice the bandwidth of
the optical signal. The additional requirements of transmitting a
carrier signal and using narrow optical filters further complicates
the scheme. Transmitting over a second polarization further
increases the complexity since it generally uses an LO, although
it does not require implementing a 90-degree optical hybrid.

The power consumption of these schemes ultimately dic-
tates their suitability for intra- and inter-data center applica-
tions. 4-PAM transceivers achieving a net bit rate of 400 Gb/s
are currently available in a quad small form factor pluggable
double-density (QSFP-DD) with a power consumption of about
8 W [46]. These typically allow for a reach of up to 10 km, com-
patible with intra-data center links. For inter-data center links
up to 100 km, DSP-based coherent transceivers in a QSFP-DD
form factor use both polarizations and 16-QAM to transmit a net
bit rate of 400 Gb/s with a power consumption around 15 W [47]
using 7 nm-based CMOS DSP.

The DSP-free coherent detection methods described in
Section III could provide a significant power reduction. The
estimated power consumption of a two-lane, dual-polarization
EPLL-based analog coherent transceiver operating at 56 Gbaud
using two wavelengths, resulting in a net bit rate of 400 Gb/s,
is approximately 8 W [15], and this number could be lower
if adapted for dual-polarization 16-QAM. This may allow a
path to higher-bit-rate coherent transceivers for intra-data center
applications. The “coherent-lite” scheme can also provide sig-
nificant power reduction by avoiding carrier recovery, with an
estimated 4 W [3] of power consumption at 400 Gb/s. However, it
requires transmitting an unmodulated carrier over a second fiber,
which may limit its applications. These methods could prove
to be useful for scaling intra-data center applications that are
extremely sensitive to power consumption, especially if newer
CMOS nodes are too expensive or do not provide sufficient
power efficiency to scale DSP-based coherent schemes.

While KK receivers allow simpler receiver architectures and
CD compensation, their power consumption is similar to DSP-
based coherent [6]. Along with their complexity and perfor-
mance penalty versus DSP-based coherent transmission, this
may hinder their adoption for inter-data center links. For intra-
data center links, SVR or KK have not yet demonstrated lower
power consumption as compared to 4-PAM. Furthermore, since
intra-data center links typically do not require CD compensation,
SVR and KK will not provide sufficient benefit over alternatives
unless they can achieve significantly lower power consumption.

Given these considerations, it is likely that that for the next
few years, low-power direct detection of OOK and 4-PAM will
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continue to dominate the shortest links (< 2 km) within data
centers. At the other extreme, links beyond 40 km will continue
to rely on DSP-based coherent detection, as it offers the highest
receiver sensitivity, highest throughput, and it is more robust
to transmission impairments. The intermediate distances from
2 km to 40 km still require a low-power alternative that enables
more degrees of freedom than direct detection, while improving
receiver sensitivity. So far, DSP-free coherent detection is the
detection method that best meets these requirements. DSP-based
coherent detection might become attractive over those distances
is reduced by innovative designs and CMOS technology im-
provements.

V. CONCLUSION

Increase in traffic within data centers, as well as between data
centers, will demand higher per-wavelength bit rates. Nonco-
herent detection can meet these needs in the short-term, but
more degrees of freedom are needed to support higher per-
wavelength bit rates. Coherent detection methods enable up to
four degrees of freedom, and can improve receiver sensitivity
by using a strong LO laser. However, conventional DSP-based
coherent receivers designed for long-haul transmission, which
prioritizes performance, are suboptimal for data center applica-
tions, which prioritize cost and power consumption. By reducing
receiver complexity and making system performance tradeoffs,
the power consumption of coherent links can be made low
enough for intra- and inter-data center applications. Following
this philosophy, LO-based DSP-free coherent receivers seem
particularly promising for intra-data and inter-data center links,
whereas amplified inter-data center links could also support
LO-free differentially coherent receivers.

Despite the advantages of coherent detection over the al-
ternatives, coherent detection will likely only gain ground in
data center applications once the current strategy of massive
parallelization (many fibers carrying noncoherent formats) is no
longer economically viable or scalable.
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