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Abstract—We present an architecture for wavelength-division-
multiplexed coherent data center links employing resonator-
enhanced electro-optic frequency comb generators as both trans-
mitter and local oscillator (LO) sources. We show that in each
frequency comb, the phase noise in all comb lines is determined
completely by the optical phase noise of the seed laser and the phase
noise of the microwave oscillator. We propose an analog coherent
receiver that performs carrier recovery on all wavelength channels
using only two phase-locked loops. We use an independent cascade
of phase shifters driven by marker tone detection in each channel
for polarization recovery and compensation of a static optical
phase shift. We study design examples for quadrature phase-shift
keying and 16-ary quadrature amplitude modulation (16-QAM),
determining requirements on the transmitter and LO seed laser
linewidths and the LO frequency modulation (FM) response. We
find that for a dual-polarization (DP) 16-QAM link with 17 wave-
length channels, each operating at 56 GBaud, if the combined
linewidth of the transmitter and LO seed lasers is 100 kHz, the LO
seed laser requires an FM response that is flat from d.c. to several
hundred MHz to maintain a phase-error penalty below 1 dB.

Index Terms—Carrier phase recovery, coherent detection, data
centers, optical frequency comb, optical phase-locked loop.

I. INTRODUCTION

COHERENT detection provides a promising option for
future data center optical links. It allows data rates per

channel to be increased using modulation formats such as
dual-polarization (DP) phase-shift keying (PSK) or quadrature-
amplitude modulation (QAM) [1]. Moreover, mixing a received
signal with a strong local oscillator (LO) improves receiver
sensitivity [2], helping support higher data rates and overcoming
losses in advanced network architectures and highly integrated
transceiver subsystems [3].

Long-haul optical communication systems prioritize reach,
and therefore implement potentially power-hungry coherent
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receivers that extensively use digital signal processing (DSP).
Data center links, by contrast, are highly cost- and power-
constrained, and may employ digital or analog coherent re-
ceivers that sacrifice reach and tolerance to transmission im-
pairments to reduce cost and power consumption.

To address demands for low-power data center links, various
combinations of optical and electronic analog techniques for
polarization and carrier recovery (CR) have been studied. The
coherent receiver in [4] achieves both polarization demultiplex-
ing and CR using analog multipliers. The single-wavelength
DSP-free coherent receiver in [5] performs polarization de-
rotation using cascaded optical phase shifters and CR using
optical or electrical phase-locked loops (PLLs). A design using
phase shifter-based polarization recovery and using a single
laser for both the transmitter and LO, obviating the need for
CR, has been demonstrated in [6]. Analog coherent receivers
retaining chromatic dispersion compensation capability using
analog adaptive equalizers have also been proposed [7].

Optical frequency combs are promising sources for data cen-
ter systems, potentially reducing the cost and power consump-
tion per wavelength-division-multiplexed (WDM) channel [8].
The phase noise coherence across comb lines can simplify CR at
a coherent receiver [9]. DSP-based joint CR of multiple WDM
channels has been considered [10]. Phase locking transmitter
and LO combs using analog techniques is attractive from a
power efficiency standpoint. Experiments have demonstrated
that transmitter and LO combs can be phase-synchronized by
transmitting a marker tone to injection lock the LO comb seed
laser [11]. An analog CR scheme that regenerates the LO comb
by using optical injection locking and an electrical PLL with
two marker tones can obviate the need for DSP-based CR in a
coherent receiver [12].

In scaling low-power analog coherent receivers to WDM
systems, one approach is to perform CR independently for each
channel [13]. In this paper, we study a WDM system architecture
combining analog coherent receivers with frequency combs to
dramatically simplify CR. Both transmitter and LO sources
are dual-ring resonator-enhanced electro-optic (DR-EO) comb
generators, which can be fabricated using integrated passive
optical elements and offer high power conversion efficiency [14].
CR for WDM channels is performed using only two optical PLLs
(OPLLs). Polarization de-multiplexing and removal of constant
phase offsets between signal and LO are performed using optical
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Fig. 1. (a) Transmitter and (b) receiver of the proposed frequency comb-based multi-wavelength analog coherent link architecture. The transmitter and receiver
use independent DR-EO comb generators as their optical sources. The receiver uses OPLLs on channels 0 and p0 to perform CR and uses phase-shifter-based
polarization controllers of type A or B for polarization de-multiplexing and/or removing constant phase offsets on all channels. The ηi denote optical losses, while
the Gi and nsp,i denote amplifier gains and spontaneous emission factors. BPF: bandpass filter, Ch.: channel, FF: flattening filter, IQ: in-phase and quadrature,
PBS/R: polarization beam splitter/rotator.

phase shifters controlled by low-speed marker tone detection
circuitry. We focus on analyzing the phase noise performance
of this system and show that the architecture is suitable for
DP quadrature phase-shift keying (DP-QPSK) and DP-16-QAM
modulation formats.

The remainder of this paper is organized as follows. In Sec-
tion II, we describe the DR-EO comb-based analog coherent
receiver architecture and study how it performs key functions.
In Section III, we analyze how the DR-EO comb generator
affects phase noises from optical and microwave sources, which
is crucial for modeling CR performance. In Section IV, we
study how phase noise affects comb-based link design examples

and also discuss effects of other signal distortion sources. We
conclude the paper in Section V.

II. ARCHITECTURE OVERVIEW

The proposed multi-wavelength analog coherent link archi-
tecture is shown in Fig. 1. DR-EO comb generators are used
as both transmitter and LO sources. Before data is modulated
onto separate comb lines at the transmitter, the comb undergoes
pre-processing operations by a de-interleaver (DI), flattening
filter (FF), bandpass filter (BPF) and semiconductor optical
amplifiers (SOAs), as required. The DI ensures a sufficiently
large channel spacing when the comb spacing is too small
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Fig. 2. Central channel (Ch. 0) of the comb-based WDM analog coherent
receiver. Polarization controller type A performs polarization recovery, while
an OPLL controlling the phase of the LO comb seed laser compensates phase
noise from the transmitter and LO comb seed lasers.

Fig. 3. Outer reference channel (Ch. p0) of the comb-based WDM analog
coherent receiver. Polarization controller type A performs polarization recovery,
while an OPLL controlling the phase of the LO comb microwave oscillator com-
pensates phase noise from the transmitter and LO comb microwave oscillators.

to accommodate for the symbol rate. Similar pre-processing
operations are performed on the LO comb at the receiver. Fig. 1
is drawn assuming an intra-data center link operating in the
O-band. An inter-data center link operating in the C-band might
also include erbium-doped fiber amplifiers inline with the fiber
link (these are not shown in Fig. 1).

At the receiver, channels modulated onto different comb lines
are subject to different signal processing operations. We identify
three categories of channels, which are denoted by their comb
line indices: (1) the central channel 0, (2) an outer reference
channel p0, and (3) the remaining channels, each denoted by
an arbitrary index p. These are labeled as Ch. 0, Ch. p0 and
Ch. p in Fig. 1. The central channel employs a PLL controlling
the LO comb seed laser. The outer reference channel employs
another PLL controlling the LO comb microwave oscillator. The
remaining channels do not employ feedback loops affecting the
LO comb.

The central channel (see Fig. 2) and outer reference channel
(see Fig. 3) perform polarization de-multiplexing using polariza-
tion controllers of type A (see Fig. 5(a)), similar to the DSP-free
coherent receiver in [5]. These channels perform CR using

Fig. 4. Remaining channels (Ch. p) of the comb-based WDM analog coherent
receiver. In each channel, a polarization controller type B performs polarization
recovery and removal of a constant phase offset. No additional phase-tracking
mechanism is used for these channels.

Fig. 5. Polarization controllers (a) type A and (b) type B. Controller type
A compensates for polarization rotation using three phase shifters driven by
three low-speed control signals. Controller type B compensates for polarization
rotation and an additional constant phase offset using three phase shifters driven
by four low-speed control signals.

OPLLs. The polarization controllers and OPLLs are described
in detail in the following sections.

In contrast to the central and outer reference channels, the
remaining channels (see Fig. 4) do not need to employ OPLLs
for CR. These channels use polarization controllers of type B
(see Fig. 5(b)) to perform polarization de-rotation and removal
of constant phase offsets.

A. Polarization Demultiplexing

Polarization rotation typically varies on a timescale of several
milliseconds in short-reach links [15], and can be compensated
by an optical polarization controller driven by low-speed cir-
cuitry. The polarization controller type A used on the central
and outer reference channels is shown in Fig. 5(a).

In order to recover polarization, the transmitter sends a low-
frequency marker tone on the X-polarization of the in-phase (I)
component (the XI tributary). After reaching the receiver, the
marker tones detected on the XQ, YI and YQ tributaries are

Authorized licensed use limited to: Stanford University. Downloaded on November 05,2022 at 16:15:11 UTC from IEEE Xplore.  Restrictions apply. 



7120 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 40, NO. 21, NOVEMBER 1, 2022

extracted using low-pass filters (LPFs) and passed to a micro-
controller, which adjusts the three phase shifters of polarization
controller type A to minimize the marker tones detected in
the latter three tributaries. This polarization recovery scheme
is discussed in [5].

The proposed polarization controller can be implemented
using thermo-optic phase shifters, which have low losses and
response times on the order of several microseconds to several
tens of microseconds [16], potentially enabling a low-cost and
low-power solution [13]. Endless polarization control can be
accomplished by resetting the phase shifters when they are close
to their excursion limits, using interleaving to compensate for
the associated burst errors [5].

B. Phase Offset Removal

Channels other than the central and outer reference channels
do not employ OPLLs for carrier synchronization (see Fig. 4),
since only a constant phase offset between the signal and LO
needs to be removed. Both polarization de-rotation and removal
of the constant phase offset can be accomplished using polar-
ization controller type B shown in Fig. 5(b). Controller type
B has four controlled phases (φ1, φc, θ, φ0). We describe the
polarization and phase offset recovery scheme in this section.

We can define a unitary matrix Tch describing polarization
transformation and an overall phase offset. The matrix describ-
ing polarization controller type B in Fig. 5(b) is

Tcont =

[
eφ0 0

0 e−jφ0

]
·
[

cos (θ) −j sin (θ)

−j sin (θ) cos (θ)

]
·

×
[
ej(φ1+φc) 0

0 e−j(φ1−φc)

]
. (1)

In order to compensate for the polarization rotation and con-
stant phase offset, marker tones at two different low frequencies
are added to the drive signals of two different tributaries at the
transmitter, modulating their amplitudes. Tone A is added to
the XI tributary and tone B is added to the YI tributary. The
phase shifters are adjusted by a microcontroller to minimize
tone A’s presence in the XQ, YI, and YQ tributaries and tone
B’s presence in the XI, XQ, and YQ tributaries. Fig. 6 shows the
convergence of the bit-error ratio (BER) as the phase shifters are
adjusted by the microcontroller. In this simulation, larger marker
tone amplitudes and phase adjustment step sizes are used ini-
tially to facilitate faster convergence. The stronger marker tones
cause a horizontal spread in the signal constellations, as seen in
Fig. 6(b). The marker tone amplitudes and phase adjustment step
sizes are then reduced around iteration 100, yielding a cleaner
constellation, as in Fig. 6(c). This method results in a 180◦

phase ambiguity in both polarizations, which can be resolved
by including known training sequences in transmitted data or by
using information obtained in error-correction decoding.

Fig. 7 shows the BER as a function of the SNR per symbol
for 16-QAM when Tch is known and polarization rotation and
phase offset are perfectly compensated. Fig. 7 also shows the
BER vs. SNR when the phase shifters in polarization controller
type B are adjusted using the marker tone detection scheme.

Fig. 6. (a) Convergence of the BER in the marker tone detection scheme. When
the BER is high, the marker tone amplitude and phase adjustment increment are
high, causing the constellation to spread, as in (b). When the BER is low, the
marker tone amplitude and phase adjustment increment are small, resulting in a
cleaner constellation, as in (c).

Fig. 7. BER versus SNR per symbol for 16-QAM when polarization rotation
and phase offset are perfectly compensated (blue) or compensated by the marker
tone detection scheme (red). Non-ideal compensation causes a 0.5-dB SNR
penalty at a target BER of 2.4× 10−4.

At a target BER of 2.4× 10−4, marker tone detection results in
an SNR penalty of about 0.5 dB.

Common polarization de-rotation for all channels is also
possible. In this case, two cascaded phase shifters will be placed
in front of the de-multiplexer in Fig. 1(b) for polarization de-
rotation and an additional phase shifter for each channel will
be placed after the de-multiplexer for phase offset cancellation.
Common polarization control will, however, place substantial
restrictions on link distance and total system bandwidth.

C. Carrier Recovery

On the central and outer reference channels, CR is performed
using OPLLs at the receiver. Each OPLL includes three key
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Fig. 8. Linearized models of (a) central channel OPLL. (b) Outer reference
channel OPLL.

components: a phase estimator, a loop filter and a frequency-
controllable oscillator. For the central channel, the oscillator
is the seed laser for the LO DR-EO comb generator. For the
outer reference channel, the oscillator is the microwave source
driving the phase modulator in the LO DR-EO comb generator.
To accommodate either QPSK or higher-order QAM, we can
use analog or discrete-time decision-directed phase detection,
which estimate phase error by taking the product of a decision
on the complex signal and a delayed or sampled-and-held value
of the signal [17], [18]. In this study, we consider a second-order
loop filter described by a transfer function

F (s) = 2ζωn +
ω2
n

s
. (2)

In (2), ζ is the damping coefficient, commonly chosen to be
1/
√
2, and ωn is the loop natural frequency, which needs to

be optimized to minimize the phase-error variance between the
signal and LO. We denote the central channel and outer reference
channel loop filters by Fo(s) and Fm(s), which have natural
frequencies ωn,o and ωn,m, respectively.1

Both the central channel and outer reference channel OPLLs
can be studied using linearized models [18], which are shown in
Figs. 8(a) and 8(b), respectively. These models take into account
the effects of the DR-EO comb generator in the loop path, which
are described in detail in Section III. The models in Figs. 8(a)
and 8(b) use the following notation:

1) ϕo,T (t) is the phase noise of the transmitter comb seed
laser. ϕo,LO(t) includes the phase noise of the LO comb
seed laser as well as its control phase. We will refer to

1The subscript “o” stands for “optical” and indicates a variable’s association
with optical phase noise. The subscript “m” stands for “microwave” and indicates
a variable’s association with microwave phase noise. The subscripts “0” and “p0”
refer to channel numbers. Variables with these subscripts depend on the channel,
but are not directly related to optical or microwave phase errors.

phase noise processes associated with the seed lasers as
optical phase noise.

2) The phase error on the central channel is εo(t). The
phase difference between the transmitter and LO comb
microwave modulation sources is denoted by εm(t). The
phase error arising from the comb microwave modulation
sources on the outer reference channel is then p0εm(t).
We refer to the phase difference between the transmitter
and LO comb seed lasers as the optical phase error and
that between the transmitter and LO comb microwave
modulation sources as the microwave phase error.

3) τo and τm are the time delays arising from signal propa-
gation and component group delays in the central channel
and outer reference channel OPLLs, respectively.

4) w0(t) and wp0
(t) capture the effects of additive white

Gaussian noise (AWGN) on the central and outer reference
channels, respectively, including thermal, shot, and LO-
signal spontaneous beat noises (see Appendix C). They
have two-sided power spectral densities (PSDs) given by

Swiwi
(ω) =

ηcTs

2γi
for i ∈ {0, p0}, (3)

where ηc is a penalty factor associated with the transmitted
constellation [18], γ0 and γp0

are the signal-to-noise ratios
(SNRs) per symbol on the central and outer reference
channels, respectively, and Ts is the symbol interval [1].

III. EFFECTS OF RESONATOR-ENHANCED ELECTRO-OPTIC

COMB GENERATOR

Using EO comb generators as the transmitter and LO light
sources obviates the need for multiple discrete lasers and enables
the simplified CR scheme described in Section II, since the
phase noises on different comb lines are related. Phase noise
characteristics of phase- and intensity-modulated EO combs
have been studied theoretically and analytically [19]. However,
the effects of resonators in the resonator-enhanced (RE) EO
comb generator on phase noise is unclear. This section addresses
how the optical and microwave phase noises of the seed laser
and microwave modulation source are affected by the RE-EO
comb generator.

Fig. 9 presents a single-ring electro-optic (SR-EO) comb
generator. For the SR-EO comb generator shown, k and γ are the
coupler power transmission and power insertion losses, respec-
tively. T is the round-trip time of the ring resonator and (1− α)
is its round-trip loss. The cumulative round-trip amplitude gain
can be defined as r =

√
α(1− γ)(1− k). The ring resonator is

phase-modulated at modulation frequency ωm with modulation
index β.

Assume continuous-wave (CW) laser light is input to the
comb generator, and is described by an electric field

Ein(t) = Êine
jϕo(t)ejωot, (4)

where Êin,ωo andϕo(t) are the input field amplitude, carrier fre-
quency and optical phase noise, respectively. The corresponding
output field Eout(t) can be expressed as [20]
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Fig. 9. Resonator-enhanced single-ring electro-optic (SR-EO) frequency
comb generator. The input field is coupled into a ring resonator with power
transmission k and insertion loss γ. In the resonator, the optical field experiences
round-trip power loss (1− α) and phase modulation at frequency ωm with
modulation index β.

Eout(t) =
√
(1− γ) (1− k)Ein(t)

− k

√
1− γ

1− k

∞∑
n=1

rnejβFn(ωmt)Ein (t− nT ) (5)

In (5), Fn(ωmt) denotes a cascaded modulation function. As-
suming the microwave source has a phase noise ϕm(t), the
cascaded modulation function can be written as

Fn (ωmt) =
n∑

i=1

sin [ωmt+ ϕm (t− iT )]. (6)

In (6), we assume that the modulation frequency ωm as well
as ωo are resonant with the ring’s free spectral range (FSR).
When optical and microwave phase noises are absent, the Jacobi-
Anger expansion can be applied to (5) to obtain the following
expression for the output field:

Eout(t) =
√
(1− γ) (1− k)Êine

jωot

− k

√
1− γ

1− k
Êin

∞∑
p=−∞

∞∑
n=1

rnJp (βn) e
j(ωo+pωm)t.

(7)

The spectrum ofEout(t) contains lines at frequenciesωo + pωm

for integer values of the comb line index p.
Fig. 10 shows the DR-EO comb generator, which has an

additional small ring with a round-trip time of T̃ and a round-trip
loss of (1− α̃). The coupler power transfer coefficients are k1,
k2, and k3 and the coupler insertion losses are γ1, γ2, and γ3. The
DR-EO comb generator offers more efficient conversion of input
power to comb line power, as the small ring facilitates greater
power build-up before coupling and comb-generating modula-
tion in the larger ring [14]. We note that in the multi-wavelength
analog coherent architecture shown in Fig. 1, the central channel
(p = 0) uses the field reflected from the DR-EO comb generator
input instead of the central line of the output field, as the former
has higher power in the design considered below.

The DR-EO comb generator can be analyzed using the steady-
state matrix method, a technique that has been used to study
free-space Fabry-Pérot resonators [21]. Through the steady-state
matrix method, the field of the p-th reflected comb line, Er,p,

Fig. 10. Dual-ring electro-optic (DR-EO) frequency comb generator. Power
first builds up in the small ring and is then coupled to the large resonator,
where comb generation occurs. This structure improves comb power conversion
efficiency.

Fig. 11. (a) Magnitude and (b) phase of the transfer functionHr(ω)describing
the mapping of the input seed laser field of the DR-EO comb generator, Ein(t),
to the field of the 0-th reflected comb line, Er,0(t).

and that of the p-th output line, Eout,p, can be computed by
solving a system of linear equations. Details on applying the
steady-state matrix method to the DR-EO comb generator are
presented in [14].

We are interested in how optical and microwave phase noises
are affected by the EO comb generator. More specifically, we
seek to quantify the optical phase noise appearing on the central
channel, which is the p = 0-th reflected comb line, and the opti-
cal phase noise and microwave phase noise appearing on the p-th
output comb line, where p �= 0. Henceforth, for concreteness,
we consider a DR-EO comb generator that has parameter values
γ1 = γ2 = γ3 = 0, k1 = k2 = k3 = 0.03, α = 0.95, β = π/2,
and Êin = 1. For the small ring, we choose T̃ = T/16.7 to
concentrate power into the 32 lines nearest to the central line.
The power losses of the two resonators are related by α̃ = αT̃ /T .

A. Optical Phase Noise

In order to study how optical phase noise ϕo(t) on the seed
laser is affected by the DR-EO comb generator, we require a
transfer function Hr(ω) that maps the input field Ein(t), at car-
rier frequency ωo, to the 0-th line of the DR-EO comb generator
reflected field, Er,0(t), also at ωo. This transfer function can
be approximated by solving for Er,0 via the steady-state matrix
method for input field frequencies close to ωo.
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Fig. 11 shows the computed magnitude and phase responses of
the desired transfer function. The magnitude is rather flat and the
phase has a near-constant slope in the frequency range near ωo.
These results indicate thatHr(ω) varies slowly close toωo. From
Appendix A, an input fieldEin(t) = ejϕo(t)ejωot appears on the
0-th reflected comb line in a form Er,0 ∝ ejϕo(t−τcomb)ejωot,
where τcomb can be computed from the slope of the phase re-
sponse shown in Fig. 11(b). The delay in the optical phase noise
arising from the DR-EO comb generator can be incorporated
in the analysis of the central channel OPLL. Referring to the
central channel OPLL linearized model in Fig. 8(a), we note
that the comb generator delay can be lumped into the loop
delay τo.

Characterizing the optical phase error between the p-th lines
of the transmitter and LO combs is also of interest. We can gain
insight by studying the SR-EO comb generator. The phase noise-
related behavior of the single- and dual-resonator configurations
are similar, as the small ring in the DR-EO comb generator is
much smaller than the large ring and essentially causes only a
small delay in the phase noise processes involved. This is briefly
discussed in Appendix B.

Ignoring the microwave phase noise ϕm(t) and using the
Jacobi-Anger expansion on (5), we can write the p-th comb line
of the output field as

Eout,p(t) = − k

√
1− γ

1− k
·

×
∞∑

n=1

rnJp (βn) e
j(ωo+pωm)tejϕo(t−nT ). (8)

Let the transmitter and LO comb seed laser optical phase noises
be denoted by ϕo,T (t) and ϕo,LO(t), respectively. We can deter-
mine the optical phase error between the p-th transmitter comb
output field line ET,p(t) and the p-th LO comb output field line
ELO,p(t) by evaluating the argument of

E∗
T,p(t)ELO,p(t) ∝

∞∑
m=1

∞∑
n=1

rm+nJp (βm) Jp (βn) ·

× ej[−ϕo,T (t−mT )+ϕo,T (t−nT )−εo(t−nT )].
(9)

In (9), εo(t) = ϕo,T (t)− ϕo,LO(t) is the output phase error of
the central channel OPLL (see Fig. 8(a)). Using the central
channel OPLL linearized model, the argument of (9) can be
numerically computed, and its standard deviation yields the
optical phase error. Fig. 12 shows the simulated optical phase
error at different comb line indices p.

Fig. 12 also shows the phase-error standard deviation of the
central channel OPLL, σεo (dashed red). σεo can be calculated
using the linearized OPLL model in Fig. 8(a):

σ2
εo

=
πΔνo
2ζωn,o

ΓPN (ωn,oτo)

+

(
1 + 4ζ2

)
ωn,oTs

4ζ

ηc
2nPEγ0

ΓAWGN (ωn,oτo) . (10)

Fig. 12. Standard deviation of the phase error between the transmitter and
LO resulting from optical phase noise of the seed lasers for different output
comb line indices, p. The blue line is obtained by simulating and computing
the standard deviation of the argument of (9) for transmitter and LO seed lasers
with linewidths of 50 kHz. The dashed red line corresponds to a time-domain
simulation of the phase-error standard deviation on the central channel OPLL.

In (10), Δνo is the beat linewidth between the transmitter and
LO comb seed lasers and nPE is the number of polarizations
used in phase estimation [5]. We assume nPE = 2. ΓPN(ωnτ)
and ΓAWGN(ωnτ) are defined by

ΓPN (ωnτ) =
2ζωn

π

∫ ∞

−∞
|jω + e−jωτFo (ω) |−2dω (11)

ΓAWGN (ωnτ) =
2ζ

π (1 + 4ζ2)ωn

∫ ∞

−∞

∣∣∣∣ Fo (ω)

jω + e−jωτFo (ω)

∣∣∣∣2 dω
(12)

We observe in Fig. 12 that the optical phase-error standard
deviation on the p-th output field line is within 3% of that on
the central channel. This suggests that, in the presence of only
optical phase noise, the phase error performance of non-central
channels will be similar to that of the central channel when using
only the central-channel OPLL to control the comb seed laser
phase noise.

B. Microwave Phase Noise

The effects of microwave phase noise appear in the SR-EO
comb generator output field (5) via the cascaded modulation
function Fn(ωmt) given by (6). Assuming the coherence time
of the microwave phase noise processϕm(t) is much longer than
the cavity lifetime of the resonator, we can ignore the delays in
the argument of the microwave phase noise and approximate (6)
as

Fn (ωmt) ≈ n sin [ωmt+ ϕm(t)]. (13)

The above approximation is extremely accurate, since typical
coherence times of the microwave oscillators used for comb
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modulation (ms to s) [22] far exceed typical cavity lifetimes of
the resonators (ns).

Using (13), the p-th output comb line can be written via the
Jacobi-Anger expansion as

Eout,p(t) = − k

√
1− γ

1− k
·

×
∞∑

n=1

rnJp (βn) e
j(ωo+pωm)tejpϕm(t). (14)

From (14), we observe that the microwave phase noise on the
p-th output comb line is scaled linearly by the comb line index
p. This introduces the p0 scaling factor in the linearized model
of the outer reference OPLL (see Fig. 8(b)). The phase noise
characteristics we have derived for the RE-EO comb genera-
tor match those derived for non-resonator-enhanced EO comb
generators [23].

Let εm(t) denote the difference between the transmitter and
LO modulation source microwave phase noises ϕm,T (t) and
ϕm,LO(t). We can compute the microwave phase error between
the p-th output field lines of the transmitter and LO combs,
ET,p(t) and ELO,p(t), by evaluating the argument of

E∗
T,p(t)ELO,p(t) ∝ ejpεm(t)

∞∑
m=1

∞∑
n=1

rm+nJp (βm) Jp (βn) .

(15)
In the argument of (15), we observe that on the p-th output
comb line, the microwave phase error εm(t) is scaled by p. If the
microwave phase error on the outer reference channel isp0εm(t),
choosing the reference channel to be an outermost channel (i.e.,
|p0| is a maximal value of |p|) will ensure that

|p0|σεm ≥ |p|σεm , (16)

i.e., the microwave phase-error standard deviation is largest on
the outer reference channel.

Combining the optical and microwave phase errors, the phase
error on the outer reference channel, as indicated in Fig. 8(b), is
p0εm(t) + ε′o(t), where ε′o(t) is the phase error on the central
channel, εo(t), but modified by the EO comb generation. The op-
tical phase error analysis of the resonator-enhanced electro-optic
comb generator shows that σ2

ε′o
≈ σ2

εo
. Denoting the microwave

phase-error variance asσ2
εm

, the phase-error variance of the outer
reference channel can be estimated as σ2

εo
+ p20σ

2
εm

.
Assuming the microwave phase noise can be modeled as a

Wiener process with an appropriate choice of beat linewidth
Δνm, the microwave phase-error variance σ2

εm
can be estimated

using an expression similar to (10), choosing a natural frequency
ωn,m and other parameters appropriate to the outer reference
channel OPLL. The choice of a beat linewidth Δνm providing
a conservative estimate of microwave phase noise is discussed
in Section IV-A.

IV. DESIGN EXAMPLES

In this section, we describe an exemplary system operating
near 1310 nm, which is typical for intra-data center links. The
system uses either DP-QPSK or DP-16-QAM modulation at a

Fig. 13. BER versus SNR per symbol for QPSK (dashed) and 16-QAM
(dotted) for different values of the phase-error standard deviationσε. For QPSK,
the tolerable phase-error standard deviation for a 1-dB SNR penalty at a target
BER of 2.4× 10−4 is 6.65◦. For 16-QAM, the tolerable phase error is 3.18◦.

symbol rate of 56 GBaud, on 17 channels spaced by 100 GHz.
The transmitter and LO combs are obtained by taking the cen-
tral 33 comb lines of a DR-EO comb generator modulated at
50 GHz, using a de-interleaver to keep only the even-indexed
lines, corresponding to p = 0,±2, . . .,±p0, with p0 = 16.

In this example, we aim for a pre-forward error correction
(FEC) bit-error ratio (BER) of 2.4× 10−4, which applies to FEC
codes such as RS(544, 514). Achieving this BER requires a SNR
per symbol of 17.6 dB for 16-QAM and 10.8 dB for QPSK [1]
on an ideal AWGN channel.

A. Phase Error

The BER of QPSK or 16-QAM including the effects of phase
error can be calculated using a numerical integration technique
described in [18]. The BER versus SNR per symbol curves at
different phase-error standard deviations for both formats are
shown in Fig. 13. These curves indicate that achieving a phase
error penalty of less than 1 dB requires a phase-error standard
deviation below 6.7◦ for QPSK and below 3.2◦ for 16-QAM.

The phase-error variance on any channel p is σ2
εo

+ p2σ2
εm

,
as the optical phase error is same across all the channels, while
the microwave phase error is scaled by the channel comb line
index (see Section III-B). The central channel (p= 0) is subject
only to optical phase error with a standard deviation σεo , which
is computed using (10). Figs. 14(a) and 14(b) show σεo as a
function of ωn,o, the natural frequency of the central channel
OPLL, assuming a beat laser linewidth Δνo = 100 kHz, for
QPSK and 16-QAM, respectively. Focusing on 16-QAM, which
poses more stringent phase error requirements than QPSK, we
see from Fig. 14(b) that the loop delay τo should not exceed 2 ns
to achieve a phase-error standard deviation σεo below the 3.2◦

needed for a 1-dB phase error penalty.
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Fig. 14. Phase-error standard deviation σεo versus OPLL natural frequency
ωn,o for the central channel OPLL for various values of the loop delay τo for
(a) QPSK and (b) 16-QAM. The beat linewidth is Δνo = 100 kHz. For a 1-dB
SNR penalty at a BER of 2.4× 10−4, the tolerable loop delays are (a) 8 ns for
QPSK and (b) 2 ns for 16-QAM.

TABLE I
ESTIMATED DELAYS OF VARIOUS COMPONENTS IN PATH OF CENTRAL

CHANNEL OPLL

Assuming an integrated implementation of the comb-based
analog coherent receiver, we provide estimated delays for dif-
ferent components in the central channel OPLL in Table I. The
components are categorized as belonging to photonic integrated
circuitry (PIC), electronic integrated circuitry (EIC), the loop
filter (LF), or the comb generator (CG). The PIC also includes
the LO comb seed laser, but we exclude this component from
Table I and address its delay requirements separately.

In Table I, the delay associated with the DR-EO comb gen-
erator is estimated using the method described in Section III-
A. Excluding the delay of the LO comb seed laser, the total
round-trip delay through the loop is 800 ps. Hence, the delay
associated with frequency modulation (FM) of the LO comb
seed laser must not exceed 1.2 ns. Using this value, we can
estimate the required LO comb seed laser FM bandwidth. For
instance, assuming a first-order laser FM response, the LO laser
must have a flat FM response from DC up to a frequency
1/(2π · 1.2 ns) ≈ 150 MHz.

The LO comb seed laser requirements can be eased by
assuming the transmitter comb seed laser linewidth less than
10 kHz, which can be achieved, for example, using an external
cavity integrated on silicon [26]. In this case, the LO comb
seed laser should have a linewidth less than about 100 kHz and
an FM response that is flat up to several hundred megahertz.
The multi-electrode DFB laser is a promising candidate to be
optimized to achieve these requirements [27].

To study the microwave phase error, we focus on the outermost
channels (|p| = |p0|), which have the largest phase-error vari-
ance, given byσ2

εo
+ p20σ

2
εm

. To make a conservative assessment,

TABLE II
LOSS, GAIN AND POWER VALUES FOR EXEMPLARY COMB-BASED SYSTEM

we model the combined phase noise of the transmitter and
LO microwave oscillators as a Wiener process (corresponding
to white frequency noise) described by a beat linewidth Δνm
= 1 kHz. This corresponds to a phase noise of −98 dBc/Hz
at 1-MHz frequency offset, which is about 9 dB higher than
that achieved using low-power monolithic oscillators in this
frequency range [28]. Using (10) with a natural frequency ωn,m

and other parameters appropriate to the outer reference channel
OPLL, the microwave phase-error standard deviation p0σεm is
found to increase the total phase-error standard deviation by less
that 1◦. Recall the analysis in Section III-B showing that on all the
other channels, the microwave phase-noise standard deviation is
smaller than on the outermost channels, i.e., |p|σεm < |p0|σεm .

Since optical phase noise is the dominant source of phase error
on all channels, ensuring that phase-error standard deviations
do not exceed tolerable values (6.7◦ for QPSK and 3.2◦ for
16-QAM) will depend largely on the design and implementation
of the central channel OPLL.

B. Dispersion

Using Monte Carlo simulations, we have determined the
dispersion values resulting in penalties not exceeding 1 dB
for QPSK or 16-QAM at a symbol rate of 56 Gbaud. These
simulations assumed 5-th order Bessel transmitter and receiver
with bandwidths equal to 0.7 times the symbol rate. For a target
BER of 2.4× 10−4, the tolerable dispersion values for a 1-dB
SNR penalty are about 25 ps/nm for QPSK and 12 ps/nm for
16-QAM. Assuming standard single-mode fiber and 17 channels
with 100-GHz spacing centered at 1310 nm, these correspond to
dispersion-limited reaches of more than 25 km for 16-QAM and
more than 50 km for QPSK, significantly exceeding the longest
intra-data center links [29].

C. Signal-to-Noise Ratio

Other noise sources in the comb-based link are analyzed in
Appendix C. Expressions for the variances of the different noises
can be used to compute the SNR per symbol for each wavelength
channel in the system. Losses in the system are labelled ηi and
gains by Gi in Fig. 1. The loss, gain and power values assumed
in this design example are given in Table II.
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Accounting for a 0.5-dB penalty from the marker tone-based
polarization and phase offset control (Section II-B), a 1-dB
penalty from phase error, a 1-dB penalty from chromatic disper-
sion and 1 dB for other implementation penalties, we need and
SNR of 21.1 dB for 16-QAM. Using the values from Table II,
photodiode responsivity, R = 1 A/W, and the noise variance
expressions in Appendix C, we find the channel with the lowest
power has an SNR per symbol of about 22.0 dB, exceeding the
21.1 dB required for 16-QAM.

The parameter values in Table II are chosen conservatively to
accommodate the losses in integrated photonic realizations of
the transmitter and receiver. The total transmitter output power
is less than 20 dBm to ensure eye safety [30]. The total output
power at each SOA does not exceed 24 dBm [31]. The input
optical powers to the transmitter and LO comb generators are
16 dBm and 24 dBm, respectively, well below the 33-dBm
damage threshold for thin-film lithium niobate waveguides [32].
The LO comb input power of 24 dBm can be achieved, for
example, by using an LO comb seed laser with 14-dBm output
power, followed by an integrated SOA with 10-dB gain.

The LO comb generator input power of 24 dBm may be suffi-
cient to induce four-wave mixing (FWM) and Raman scattering
in the comb generator [33] and FWM in the SOA at the comb
generator output. Frequency components generated by FWM
coincide with the EO-generated comb lines. The phase noises
on the FWM-generated lines depend on the optical phase noise
ϕo(t), microwave phase noise ϕm(t) and comb line index p in
the same way as the phase noises on the EO-generated lines.
Raman gain does not itself affect the comb phase noise. Thus,
the phase noise models developed in Section III should remain
valid.

Our design examples have emphasized 16-QAM, as it is
more difficult to realize than QPSK, and studying it helps
illuminate the challenges and solutions for achieving high SNR
and low phase error. QPSK, while providing only half the bit
rate of 16-QAM, has several properties that ease the realiza-
tion of comb-based links. QPSK can operate at a lower SNR
per symbol. QPSK can tolerate a higher phase-error standard
deviation, so wider laser linewidths and longer loop delays
can be tolerated. QPSK can employ simpler phase detectors,
such as the Costas phase detector or the multiplier-free phase
detector described in [5]. Finally, a DP-QPSK signal is binary
in each dimension, making this format very tolerant to band-
width limitations in transmitter and receiver components [5].
Integrated OPLL-based coherent receivers using QPSK have
been demonstrated [13], [34].

V. CONCLUSION

We have studied a comb-based analog coherent receiver for
WDM optical data center links that uses DR-EO comb gener-
ators as transmitter and LO sources. By analyzing the comb
generator phase noise properties, we have shown that CR on
all wavelength channels can be achieved using two OPLLs.
We also showed that polarization de-multiplexing and removal
of constant phase offsets can be performed using cascaded

optical phase shifters controlled by low-speed marker tones. This
scheme results in a 0.5-dB SNR penalty at a 2.4× 10−4 target
BER for 16-QAM. The proposed design was considered for
both DP-QPSK and DP-16-QAM modulation formats operating
at 56 Gbaud. DP-16-QAM poses more stringent phase-error
requirements, and accommodating this format will require an
LO seed laser with linewidth of about 100 kHz and an FM
response that is flat from DC to several hundred MHz to maintain
a phase-error penalty below 1 dB. For DP-16-QAM, dispersion
should not exceed 12 ps/nm for a penalty of 1 dB.

APPENDIX A
COMB TRANSFER FUNCTION

The passband channel from the comb generator seed laser
input to the 0-th reflected line can be denoted as Hr(ω), and has
the form

Hr (ω) = |Hr (ω) |ejarg[Hr(ω)]. (17)

We consider an input signal Ein(t) of the form

Ein(t) = u(t)ejωot, (18)

where u(t) is an envelope modulating the carrier at frequency
ωo. If Hr(ω) varies slowly as a function of ω near frequency ωo,
we can make the approximation

Hr (ωo + ω) ≈ Hr (ωo) e
−jωτcomb . (19)

(19) is obtained using Taylor series approximations on both
|Hr(ωo + ω)| and arg[Hr(ωo + ω)], while τcomb is computed
from the phase response of Hr(ω):

τcomb ≡ − darg [Hr (ω)]

dω

∣∣∣∣
ω=ωo

(20)

Letting hr(t) denote the impulse response of the passband
channel Hr(ω), the 0-th reflected line Er,0(t) can be expressed
as a convolution:

Er,0(t) = [u(t) ∗ hr(t)] e
jωot

≈ Hr (ωo)F
−1
{
U (ω) e−jωτcomb

}
ejωot

= Hr (ωo)u (t− τcomb) e
jωot. (21)

In (21), F−1{·} denotes an inverse Fourier transform. The effect
of the comb generator on the envelope function u(t) can be
expressed as a delay.

APPENDIX B
EQUIVALENCE OF SR- AND DR-EO COMB GENERATORS

To study the DR-EO comb generator output, we focus on field
copies that have travelled through the small ring ñ times and then
the large ring n times before exiting through the output port. We
do not consider field copies that return to the small ring after
entering the large ring. We are able to make this assumption
because the coupling probability between the small and large
ring is designed to be low.
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For the contributions to the output field Eout(t) that we are
interested in, we can show that

Eout(t) ∝
∞∑

ñ=0

∞∑
n=0

ejωoñT̃ r̃ñejβn sin (ωmt)rn·

× Ein

(
t− T̃

2
− T

2
− nT

)
. (22)

Considering an input seed laser field with optical phase noise
ϕo(t) we have Ein(t) = ejωotejϕo(t) and (22) becomes

Eout(t) ∝ ejωot ·
( ∞∑

ñ=0

ejωoñT̃ r̃ñ

)
·

×
( ∞∑

n=0

rnejωonT ejβn sin (ωmt)e
jϕo

(
t− T̃

2 −T
2 −nT

))
(23)

Applying the Jacobi-Anger expansion, the p-th output comb
line field can be written as

Eout,p(t) ∝
∞∑

n=0

rnJp (βn) e
j(ωo+pωm)te

jϕo

(
t− T̃

2 −T
2 −nT

)
.

(24)
(24) has a form similar to (8), except for additional delay in
the ϕo(t) term. This constant delay is not expected to affect
the time-dependent optical phase noise on the p-th output comb
line. We therefore model phase errors considering SR-EO comb
generators to simplify and clarify the analysis.

APPENDIX C
NOISE SOURCES

We study the various noise sources of the comb-based link in
this section. Noise in coherent systems typically includes shot
noise, thermal noise, and LO-signal spontaneous beat noise [1].
Because using a frequency comb source for the LO requires
operations such as amplification, flattening, and de-interleaving,
a noise source, perhaps unique to comb-based receivers, arises
when amplified spontaneous emission (ASE) added to the LO
beats with the signal. We may call this the signal-LO sponta-
neous beat noise.

Fig. 15 shows the possible input components to the 90◦-hybrid
of the downconverter in one polarization for one system channel.

At the output of a single balanced photodiode pair, the vari-
ances of the thermal, shot, and LO-signal spontaneous beat
noise for a receiver electrical filter of bandwidth Δf and for
wavelength de-multiplexers of bandwidth Δνs and ΔνLO for
the signal and LO, respectively, are [1]

σ2
thermal = N0Δf (25)

σ2
shot = qR(η4Ps + η2,LOPLO

+ η4Ssp,sΔν + η2,LOSsp,LOΔνLO)Δf
(26)

Fig. 15. Various signal and noise components entering the 90◦ hybrid in the
coherent detection downconverter. Ssp,s and Ssp,LO are the power spectral
densities (PSDs) per polarization of the spontaneous emission noises on the
signal and LO, respectively.

σ2
LO−sig.spont = R2η2,LOPLOη4Ssp,s min

(
Δf,

Δνs
2

)
(27)

In the equations above, Ssp,s and Ssp,LO are the one-sided
PSDs per polarization of the ASE noise on the signal and LO,
respectively. Ps and PLO are the average signal and LO powers
per channel per polarization at the locations specified in Fig. 1,
respectively. N0 is the one-sided thermal noise PSD and R is
the photodiode responsivity. Signal-LO spontaneous beat noise
is similar to LO-signal spontaneous beat noise in that they both
involve ASE beating with a narrow-bandwidth signal. Instead of
being caused by ASE carried with the data-bearing signal beating
with the continuous-wave LO carrier, signal-LO spontaneous
beat noise arises from ASE carried with the LO beating with the
data-bearing signal. We notice a symmetry between the variance
of the LO-signal spontaneous beat noise in (27) and the variance
of the signal-LO spontaneous beat noise, which is given by

σ2
sig.−LOspont = R2η4Psη2,LOSsp,LO min

(
Δf,

ΔνLO

2

)
(28)

Of the noise sources identified, LO-signal spontaneous beat
noise and thermal noise are signal-independent. Signal-LO
spontaneous beat noise is signal-dependent. Shot noise has both
signal-dependent and signal-independent components. In the
16-QAM design example in Section IV, a corner constellation
point has a total noise variance less than 5% larger than that
on an inner point, indicating that the noise is dominated by
signal-independent components.
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