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Data centers, the engines of the global Internet, rely on powerful high-speed optical interconnects. In optical fiber
communication, classic direct detection captures only the intensity of the optical field, while the coherent de-
tection counterpart utilizes both phase and polarization diversities at the expense of requiring a narrow-linewidth
and high-stability local oscillator (LO). Herein, we propose and demonstrate a four-dimensional Jones-space
optical field recovery (4-D JSFR) scheme without an LO. The polarization-diverse full-field receiver structure
captures information encoded in the intensity and phase of both polarizations, which can be subsequently ex-
tracted digitally. To our knowledge, our proposed receiver achieves the highest electrical spectral efficiency among
existing direct detection systems and potentially provides similar electrical spectral efficiency as standard intra-
dyne coherent detection systems. The fully recovered optical field extends the transmission distance beyond the
limitations imposed by fiber chromatic dispersion. Moreover, the LO-free advantage makes 4-D JSFR suitable for
photonic integration, offering a spectrally efficient and cost-effective solution for massively parallel data center
interconnects. Our results may contribute to the ongoing developments in the theory of optical field recovery and

the potential design considerations for future high-speed optical transceivers.
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1. INTRODUCTION

Lightwaves play a critical role in data centers, facilitating high-
capacity information transmission and extended reach [1-3].
Optical communication systems can be generally categorized
into direct detection and coherent detection, depending on
the presence of the local oscillator (LO) [4]. Since the advent
of laser sources, the intensity modulation and direct detection
(IM-DD) system has been widely implemented as a low-cost
solution [5,6]. However, the square-law detection of the photo-
diode (PD) limits not only the encoded degree of freedom to
one dimension but also the transmission distance due to the
power fading effect induced by fiber chromatic dispersion
[7]. By contrast, coherent detection methods exploit both phase
and polarization diversities with the aid of LO beating, result-
ing in quadrupled electrical spectral efficiency and capacity
[8-10]. With the introduction of advanced digital signal
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processing (DSP) algorithms, linear optical-to-electrical map-
ping enables fiber impairment compensation in the coherent
system, thereby endowing it with transoceanic and terrestrial
transmission capabilities [11-13]. This makes coherent detec-
tion particularly well-suited for long-haul transmission scenar-
ios where polarization mode dispersion accumulates, in
comparison to direct detection. Nevertheless, narrow-linewidth
laser sources are desired to suppress the phase noise [14], which
hinders its massive deployment in cost-sensitive use cases such
as data-center optical interconnects.

To fully leverage the high spectral efficiency advantage of
coherent detection while maintaining the LO-free property
of direct detection, phase- and polarization-diverse receivers
that enable digital compensation of transmission impairments
based on the reconstructed signal field are highly desirable.
Pioneer efforts have been reported, known as the differential
self-coherent receiver, which relies on the beating between a
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signal and its delay [15]. Recently, several carrier-assisted direct
detection schemes have garnered increasing attention, includ-
ing the Kramers—Kronig receiver [16], carrier-assisted differen-
tial detection [17], and asymmetric self-coherent detection
[18]. These techniques can reconstruct the optical field from
the linear signal—carrier beating component, allowing for phase
diversity without the need for an LO.

In addition to phase retrieval, the polarization fading (PF)
phenomenon poses a fundamental obstacle to accessing polari-
zation division multiplexing [19]. Unlike the coherent detec-
tion scheme where an LO with controllable polarization is
employed at the receiver, direct detection schemes deliver a
co-propagating optical carrier together with the signal at the
transmitter. The random polarization rotation during fiber
transmission can lead to the absence of an optical carrier on
one polarization such that the receiver fails to detect the polari-
zation-division-multiplexed (PDM) signals. Note that the
capacity degradation caused by PF cannot be compensated for
in the DSP even with the multi-input-multi-output (MIMO)
equalization algorithm. Over the last decade, the Stokes vector
receiver has been extensively studied as a promising solution to
polarization fading [20-28]. However, the common phase of
the two orthogonal polarizations is lost in the real-valued
three-dimensional Stokes space. Some attempts have been
made to exploit the fourth dimension by adding an extra optical
hybrid to the original Stokes vector receiver [23,28]. This ap-
proach extracts the inter-polarization differential phase for car-
rier-less signals but cannot perform full field recovery, limiting
the transmission reach. Alternatively, the modified Gerchberg—
Saxton algorithm has been introduced in optical communica-
tions [29,30]. It reconstructs the dual-polarization optical
field through digital propagation between dispersive projections
but exhibits slower convergence, requiring hundreds of itera-
tions [31].

Here we propose and demonstrate a four-dimensional
Jones-space optical field recovery (4-D JSFR) scheme with
phase and polarization diversity. The 4-D JSFR receiver con-
sists of a 3 x 3 optical coupler in order to ensure the satisfied
carrier-to-signal power ratio (CSPR) threshold of both polariza-
tions and three Mach—Zehnder interferometers (MZIs) that are
responsible for recovering both in-phase and quadrature infor-
mation. As a proof-of-concept experiment, we demonstrate the
transmission of 873.7-Gbit/s net data rate with PDM proba-
bilistically shaped 64-ary quadrature amplitude modulation
(PS-64QAM) over 40-km single-mode fiber (SMF) using only
a linear feed forward equalizer. It has achieved the highest net
electrical spectral efficiency of 15.45 (bit/s)/Hz among the
existing direct detection systems, to the best of our knowledge.
The proposed 4-D JSFR quadruples the spectral efficiency of
IM-DD and extends the reach beyond the power fading limit
—on par with the advanced intradyne coherent detection with-
out requiring a narrow-linewidth LO. The concept of JSFR
introduces innovation to the theory of field recovery, with
the potential to influence the performance of direct detection
schemes, bringing them closer to the theoretical coherent limit.
Additionally, it may provide practical insights for the design of
high-speed and spectrally efficient optical modules.

2. CONCEPT OF JONES-SPACE OPTICAL
FULL-FIELD RECOVERY

Figure 1 depicts the structure of the proposed polarization-di-
verse full-field receiver for detecting the PDM complex-valued
double sideband signals. The phase-diverse unit in this receiver
enables the recovery of the in-phase and quadrature informa-
tion using the time-domain impulse response of 4;(#) and
hy(z). The detected photocurrents [7(#) and 7,(#)] from
two branches can be written as

(1) = |(C + $() ® ()],
iH(#) = [(C+ S() ® h(n)], U]

where C and S(¢) represent the optical field of the continuous-
wave carrier and information-bearing complex-valued signal,
respectively. The PD responsivity is set as one for simplicity.
The symbol “®” stands for the convolution operation. The
in-phase component /(#) and quadrature component Q()
of complex-valued signal S(z) with respect to the optical carrier
C can be extracted from the 7;(#) and 7,(¢). There are many
choices for the implementation of a phase-diverse unit. In this
section, we instantiate the phase-diverse units using MZIs to
illustrate the principle. These MZlIs act like optical filters hav-
ing a time-domain impulse response of 4, (z) = 6(¢) +j6(¢-1)
and /,(z) = 6(¢) - jo(¢ - 7), allowing us to acquire the 7(z)
and Q(#) from Eq. (2) and Eq. (3):

i(2) + iy (2) - (i1(2) + 4,(2))
= 4[C|-1(r) ® (6(2) + 6(z - 7))
+2[S(1)|* ® (6(2) + (¢ - 7)), (2

i (2) - i5(2) - (i1(1) - 1,(2))
=4|C|- Q(r) ® (6(z) - 6(¢ - 7))
+ 4Im{S(£)S* (¢ - 7)}. (3)

The first and second terms on the right-hand side of both
Eq. (2) and Eq. (3) correspond to the signal—carrier beating
term (i.e., the linear signal replica) and nonlinear signal-signal
beat interference (SSBI), respectively. Thanks to the proper in-
stantiation of the time-domain impulse response of 4, (#) and
h,(2), the in-phase and quadrature information resides in the
photocurrents from which the field is reconstructed (see
Appendix A). Thus, the complex-valued optical field is fully
recovered by linearly combining #,(#) and 7,(#) once the
SSBI impairment is compensated for.
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Fig. 1. DPolarization-diverse full-field receiver structure. PBS, polari-
zation beam splitter; OC, optical coupler; PD, photodiode; £, E},,
orthogonal polarizations.
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In direct detection systems with a co-propagating carrier,
CSPR is considered a critical parameter for SSBI cancellation.
The SSBI impairment can be regarded as a nonlinear pertur-
bation assuming the CSPR value exceeds the threshold Cy,,
which is related to the modulated signal and channel character-
istics. Based on this, various digital linearization algorithms in-
cluding iterative reconstruction [32-34], Volterra nonlinear
equalization [35], and a deep neural network [36], can be ap-
plied to eliminate the SSBI. In our work, we employ a diagonal
terms-only MIMO Volterra equalizer as an integrated tool
capable of both linear and nonlinear processing, owing to its
low-complexity and non-iterative nature.

For the reception of PDM signals, we assume, without loss
of generality, that the optical carrier is linearly polarized, situ-
ated at a /4 angle between X- and Y-polarizations. In princi-
ple, this scheme remains applicable for carriers in arbitrary
states of polarization (SOPs) due to the unitary properties of
the Jones matrix. As such, the Jones vector of the transmitted
carrier-assisted dual-polarization optical field is denoted as
(C + S:(2), C+ S,(#)], where S.(#) and §,(#) are indepen-
dent complex-valued signals with equal power on the X- and
Y-polarizations, respectively. C is the continuous wave. In such
a dual-polarization case, the CSPR is defined as the power ratio
between the two carriers (P¢) and the PDM signals of two
polarizations (P , Psy): shown in Eq. (4):

2P

Pe
Pg, + Ps, .

Py

x

CSPR = 101g =10lg 4)

Generally, the polarization effect in short-reach optical com-
munications can be modeled in Jones space as the Caley—Klein
form [2]. After SMF transmission, the received Jones vector can
be written as

{X(t)]é{ a b HC+S,C(t)} (5)
Y(o)| |- || C+S,@®])
where both # and &4 are complex-valued and they satisfy the
condition ||* + |6]*> = 1. Note that the CSPR condition re-
quired for field recovery cannot be satisfied in the case of polari-
zation fading. Consequently, the carrier on X- or Y-polarization
would be lost when 2 + 6 = 1 or -6* + 4* = 1, which hin-
ders the field reconstruction of X () and Y'(¢) from the photo-
currents.

In order to overcome the polarization fading problem, we

use a 3 x 3 optical coupler to mix X(#) and Y(#). The three
optical field outputs can be expressed as

p Kk K1[X(?) pX(2) + kY (2)
lk p K 0 | = [KX(t)—}-KY(t) , (6)
k Kk pllLY() kX (2) +pY(2)

where p and & are (2% + ¢74/%) /3  and
(e747/9 — ¢2719) /3, respectively [37]. The three outputs are
the optical fields of complex-valued double sideband signal.
Then, we use three phase-diverse units behind the three out-
puts of the 3 x 3 optical coupler to detect the optical fields. As
defined above, the time-domain impulse responses of the
phase-diverse unit are 4, (¢) and 4,(#). The received six photo-
currents are denoted as
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0] (10X +xY () ® h(0)] ]

i (1) [(pX (8) + kY (1) ® hy(1)]?

i5(1) =n|mwﬂ+mw»®mwv -
ig(1) |(X (1) + kY (1)) @ hy(r)* |

is() (X (2) + pY (1)) ® by ()]

i) | [ kX () +pY(2) @ b (1) |

We introduce a constant factor 7 to account for both the
photodiode responsivity and the conversion factor of 1/2.
Subsequently, we can reconstruct eight photocurrents (R;(#),
j = 1-8) using 7;(#) to ig(z) based on a polarization-indepen-
dent transformation matrix. This matrix is determined by the
splitting ratio of the 3 x 3 optical coupler, as shown in Eq. (8):

(R, (2)] 0 0 0 0
Ry () 0 0 0 3 0 0
R5(2) 2 0 -1 0 2 0
Ri(1) | 0 2 0 -1 0 2
Rs(2) -3 0 1 0 1+4/3 0
Rs(2) 0 1-v3 0 1 0 1+4/3
R-(2) 1+43 0 1 0 1-3 0
(Rg()| | O 1+43 0 1 0 1-4/3 |
(X () + V() @ Ay (1) ]
[41(2) ] (X () + Y (1) ® (1)
ir(2) (X (D) -Y () ®h()|
s i3(2) _ ) |(X(2) - Y(1) ® hy(1)]? . ®
ig(2) |(X () +5Y () ® h(1)?
is(2) (X () +Y (1) ® hy(1)|?
Li6(2) | |(X(2) -jY (1)) ® by (1)[?
L (X () =Y (2) @ hh(2)| |

R;(#) can be regarded as the photocurrents of phase-diverse
units from the four optical fields [X(z) + Y (2), X(¢) - Y (2),
X(2) + 7Y (2), X(¢) - jY (¢)]. By substituting the channel ma-
trix in the Caley—Klein form, these four optical fields can be
expressed as

X+ Y () = (a+a* + b-b")C+ (a-b%)S,(¢)

+ (a* + b)S, (1),
X0 -Y(t) = (a-a* + b+ b6*)C+ (a+ 6%)S.(¢)

+ (b= a)S,(0),

X() 4 Y () = (a+ ja* + b-jb*)C + (a-jb*)S,(¢)
+ (ja* + 6)S, (),

X(8) - jY(2) = (a-ja* + b+ jb*)C + (a+ jb*)S.(¢)
+ (b - ja*)S,(2). 9)

The CSPRs of them are the functions of variables # and 4, cal-
culated as
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P{a+a* + b-b")C)
P{(a-06%)S,(2) + (a* + 6)S,(1)}
=2 ((Refa})* + (Im{4})?) - Cyy

Pl(a-a* + b+ b*)C}
P{(a+ 6%)S.(2) + (b-a%)S,(1)}
=2 ((Re{b})* + (Im{a})?) - Cyy

P{(a+ja* + b-jb*)C}
Pi(a-jb*)S,(2) + (ja* + b)S, (1)}
= (1 + Im{a - 02}) - Cy,

P{(a-ja* + b+ jb*)C}
Pi(a+ jb*)S.(2) + (6 -ja*)S, (1)}
= (1-Im{d® - 6*}) - Cy. (10)

PS,.(t) = E|S,(¢)|* is the mean power calculated by math-
ematical expectation function E{-}. The energy conserva-
tion law of the carrier always holds within the pairs of
{CSPRx(5)+v(r)»  CSPRy(y-y(nt and  {CSPRx()4 v (>
CSPRx )y (n}- Although the four CSPR values vary with «
and b, it can be found that CSPRy(,)4 y(;) + CSPRy(,)_y(;) =
CSPRX(:)+jY(t) —+ CSPRX(t)—jY(t) =2. Cth' ThlS indicates that
there are always two CSPR values larger than the threshold Cy,
for the perturbation assumption, regardless of the SOP. After
optical field reconstruction based on the linearly combined pho-
tocurrents, one in each pair can be reconstructed accurately.
Furthermore, polarization demultiplexing can be achieved
through the unitary property of the Jones transformation matrix.
As a resul, the polarization fading issue is resolved with the pro-
posed polarization-diverse full-field receiver structure and the
Jones-space field recovery approach. The utilization of both
phase and polarization diversities enables quadrupled spectral

CSPRyx(5)+v(r) (a,6) =

CSPRX(t)_y(,) (él, b) =

CSPRy () 1y (1 (@, b) =

CSPRx )y (r)(a, b) =

efficiency and extended reach through digital compensation
of transmission impairments.

3. TRANSMISSION EXPERIMENT

A. Experimental Setup for Four-Dimensional Direct
Detection
Figure 2(a) shows the experimental setup for the proposed 4-D
JSFR scheme using MZIs. The procedures of the offline DSP
for signal modulation, optical field recovery, and signal
demodulation are shown in Fig. 2(b). At the transmitter, an
arbitrary waveform generator (Keysight M8199A, 65-GHz
3-dB bandwidth) operating at 128 GSa/s is used to generate
53-GBd PDM PS-64QAM symbols shaped by a root-raised
cosine filter with a roll-off factor of 0.01. We adopt digital sub-
carrier multiplexing to avoid the singularity of the receiver
transfer function [38]. The four independent signal bands are
up-converted to the intermediate frequency of £29.765 GHz
to reserve a 3-GHz guard band. The electrical signals are
loaded into an integrated dual-polarization IQ modulator
(IDPhotonics) with a 3-dB bandwidth of 60 GHz to modulate
the light from the external cavity laser (ECL, IDPhotonics)
with a linewidth of ~100 kHz, centered at 1550.06 nm.
Another 10% branch from ECL is employed as the optical car-
rier with uncontrolled SOP. Herein, the variable optical attenu-
ator (VOAL) is used to adjust the CSPR to satisfy the condition
of optical field recovery. The modulated optical field is com-
bined with the optical carrier and then launched into the
40-km single-mode fiber link. The launch power is 2 dBm.
The four signal bands are indexed as in the inset of Fig. 2(a).
The optical signal is first boosted to 22 dBm after 40-km
SMF transmission. Here, the optical signal-to-noise ratio
(OSNR) and SOPs of the optical signal are adjusted for testing

the system performance by VOA2 and polarization controller,
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(a) Experimental setup. ECL, external cavity laser; AWG, arbitrary waveform generator; DP IQM., dual-polarization IQ modulator; VOA,

variable optical attenuator; EDFA, erbium-doped fiber amplifier; SMF, single-mode fiber; PC, polarization controller; PBS, polarization beam
splitter; OC, 3 x 3 optical coupler; MZI, Mach-Zehnder interferometer; PD, photodiode; RTO, real-time oscilloscope. (b) DSP stacks.
CCDM, constant composition distribution matcher; RRC, root-raised cosine; NGMI, normalized generalized mutual information; MIMO
Equ. (w/ wlo Volterra), MIMO equalization (with/without Volterra). (c) Optical spectra of transmitted and received PDM optical signals.
(d) Optical spectra of X- and Y-polarization signals with and without polarization fading phenomenon. PF, polarization fading.
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respectively, which are not necessary for this scheme.
Subsequently, the proposed polarization-diverse full-field
receiver with an additional insertion loss of 6 dB is used to de-
tect the dual-polarization optical field. The transfer function of
MZI is realized using the Fourier processor function of a pro-
grammable optical processer (II-IV 4000A) in the frequency
domain [i.e., FFTS(z) + jo(¢ - 7) = 1 + je7>/7]. The optical
delay (7) should be chosen to ensure that the transfer function
does not have zeros in the signal band. Additionally, optimiza-
tion is needed for achieving the maximum signal-to-noise ratio
within the signal bandwidth. In this experiment, it is optimized
to 8 ps. After the photoelectric conversion using single-ended
PDs (XPD3210R), the six electrical waveforms are captured by
six channels of two synchronized 256-GSa/s real-time oscillo-
scopes (RTOs, Keysight UXR0594AP, 10-bit resolution) op-
erating in multi-scope mode. At the receiver-side DSP, the
electrical waveforms are digitally filtered to emulate a receiver
with a rectangular bandwidth of 56.53 GHz and then re-
sampled to 159 GSa/s. After frame synchronization, the six dig-
ital waveforms are processed by an MIMO equalizer,
performing optical field recovery, polarization demultiplexing,
and channel-matched equalization simultaneously. Linear and
nonlinear equalization methods are tested, including a 91-tap
feed-forward equalizer and a 113-tap (91 + 21 + 1) third-or-
der sparse Volterra equalizer with diagonal kernels. The filter
taps are updated using the recursive least squares algorithm
with a forgetting factor of 0.999 based on 2000 training sym-
bols. The reconstructed dual-polarization optical signal fields
are then demodulated to the baseband for matched filtering.
The generalized mutual information (GMI) and normalized
generalized mutual information (NGMI) of signal bands 1-
4 are calculated using the bit-wise log-likelihood ratio [39].

The transmitted and received optical spectra in the back-to-
back (BTB) configuration and after 40-km SMF transmission
are shown in Fig. 2(c) at a resolution of 0.002 nm.
Approximately half of the optical signal bandwidth is
~0.46 nm, equivalent to ~56.5-GHz bandwidth around
1550-nm wavelength, including a 53.5-GHz signal bandwidth
and a 3-GHz guard band. Figure 2(d) compares the optical
spectra of both polarizations with and without polarization fad-
ing. It shows that without polarization fading, the optical car-
rier power difference between X- and Y-polarizations is
negligible. However, when polarization fading occurs, one of
the two polarizations may become carrier-less. This issue will
be resolved after mixing in the 3 x 3 optical coupler; otherwise,
the carrier-less polarization cannot be recovered using the prin-
ciple described in Eqs. (2) and (3) since the linear signal—carrier
beating term is lost.

B. CSPR and Source Entropy Optimization

The electrical spectra of the received photocurrents provide in-
sight into the frequency components of the signal and noise.
Figure 3(a) shows the spectra with polarization fading. We ob-
serve from this figure that the signal—carrier beating term domi-
nates the spectrum. In Fig. 3(b), which shows the spectra
without polarization fading, we can see that the signal—carrier
beating term is also dominant. This means that the JSFR
receiver only needs to have a bandwidth that is sufficient to
capture the linear signal replica, and not necessarily the entire
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frequency range of the received signal. Even though the SSBI
outside of the receiver’s bandwidth is not directly captured, it
does not distort the signal—carrier beating term and, therefore,
does not impact the overall system performance. Therefore,
the JSER receiver can achieve high performance with a relatively
narrow electrical bandwidth and at a reduced cost. Figure 3(c)
displays the electrical spectra of the recovered X- and
Y-polarization signals, demonstrating the effectiveness of adaptive
equalization in signal recovery. In Fig. 3(d), we provide an intui-
tive representation of the frequency response for two of the 6 x 2
MIMO linear equalizers (W, and W), along with simulation
results for comparison. The orange region corresponds to the
modulated signal band. The results illustrate the adaptive equal-
ization’s capability to estimate the MZI transfer function and the
attenuation of bandwidth in the high-frequency range.

As a direct detection scheme with a co-propagated carrier,
the CSPR is a critical factor that needs to be optimized
in the presence of SSBI impairment. Note that we attenuate
the carrier power in order to achieve a CSPR lower than
16 dB, whereas, for a CSPR higher than 16 dB, we choose
to attenuate the signal power due to the insertion loss of the
DP-IQM and 90:10 coupler. A higher CSPR can degrade
the effective OSNR, while a lower CSPR may not satisfy
the perturbation assumption needed for accurate nonlinear
SSBI compensation. In order to identify the optimal value
for 40-km transmission, the CSPR is swept from 12 to
17 dB, and the optimal CSPR for dual-polarization optical field
recovery is around 16 dB, as shown in Fig. 3(e). Unlike long-
haul transmission, the OSNR is limited by optical noise intro-
duced by multi-stage optical amplifiers. Short-distance scenar-
ios such as data center optical interconnects have sufficiently
high OSNR, allowing for a CSPR of 16 dB.

Probabilistic shaping [40] is a technique used to approach
the linear Shannon limit by optimizing the probabilities of the
constellation points. In this work, the probabilities of the outer
constellation points are reduced to enlarge the Euclidean dis-
tance under the average power constraint. Four independent
PS-64QAM symbol sequences with a length of 212,000 are
generated based on the constant composition distribution
matcher [41]. As shown in Fig. 3(f), the source entropy is opti-
mized as 5.07 bit/symbol to maximize the achievable informa-
tion rate in terms of GMI for this system. Additionally, the
improvement in GMI brought about by nonlinear taps indi-
cates that the impairment of SSBI has been effectively
mitigated.

C. Evaluation of Tolerance to Polarization Rotation

In this subsection, the performance of the proposed 4-D JSFR
receiver is evaluated under different SOPs. Two extreme cases,
with and without polarization fading, are considered to test the
robustness of the system against polarization rotation. To mea-
sure the system’s performance, we employ the NGMI, which
provides a reliable predictor of post-forward error correction
(FEC) performance, regardless of the source entropy of the
PS-QAM signal [39]. Figure 4(a) investigates the NGMI as
a function of OSNR in the BTB case. Using the optimal
CSPR of 16 dB, the maximum attainable OSNR is about
48.5 dB. A comparison of the OSNR sensitivity curves reveals
that NGMI performance is slightly better in the presence of PF
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compared to the case without PF. This improvement can be
attributed to the polarization-state-varying CSPRs of the re-
ceived optical fields, as derived in Eq. (10). In the PF case,
the power of the signal—carrier beating terms is maximized,
leading to a higher electrical signal-to-noise ratio. In this experi-
ment, we consider a practical FEC with a code rate of 0.8402
(i.e., 19.02% overhead) and a corresponding NGMI threshold
of 0.8798 [42]. The OSNR penalty is merely 0.2 dB at this
NGMI threshold, implying that the proposed 4-D JSFR has
a strong tolerance for polarization rotation. Thus, Fig. 4(a) also
shows that linear equalization itself can reconstruct the optical
field, and the nonlinear diagonal kernels suffice to eliminate the
SSBI effectively. In the low-OSNR range, the performance im-
pact of nonlinear kernels is limited, as optical noise, rather than
SSBI, remains the primary impairment. However, in the high-
OSNR range, nonlinear kernels play a crucial role in SSBI
elimination, contributing to an improved NGMI. Figure 4(b)
depicts the OSNR sensitivity of the JSFR receiver after 40-km
SMEF, covering the transmission distance of data center inter-
connects. With an OSNR beyond 44 dB, the NGMI threshold
is reached under different SOPs, indicating a post-FEC error-
free transmission. The receiver shows excellent performance in
a realistic transmission scenario with 40-km SMF, and the
penalty is less than 0.5 dB compared to the BTB case. These
findings underscore the potential of the 4-D JSFR receiver for

high-speed and high-capacity optical communication systems
in various applications. The practical system is expected to per-
form reliably under changing polarization states. Here we mea-
sure the system performance under a randomly varying
polarization state. The results at 46.5-dB OSNR are displayed
in Fig. 4(c). An inset on the right displays the NGMI distri-
bution across 50 measurements, revealing consistent and stable
transmission performance. These findings demonstrate the
robustness of the proposed system against polarization fading
and its ability to perform reliably under varying polarization
states. Figure 4(d) displays the recovered constellations of the
four signal bands after 40-km SMF transmission. The constel-
lations exhibit excellent quality and minimal distortion, con-
firming the efficacy of the proposed 4-D JSFR receiver in
mitigating impairments caused by polarization fading and

SSBIL

D. Supplementary Experimental Demonstration of
4-D JSFR Using Dispersive Elements

In this subsection, we offer an additional experimental valida-
tion of the 4-D JSFR utilizing a phase-diverse unit based on
dispersive elements (DEs). The receiver structure and detailed
principle are provided in Appendix B. Figure 5(a) illustrates
the experimental setup using DEs. The procedures of the
offline DSP are shown in Fig. 5(b). At the transmitter, an ar-
bitrary waveform generator (Keysight M8194A, 45-GHz 3-dB
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(a) Measured NGMI versus OSNR with MIMO linear and nonlinear equalization in the BTB case. (b) Measured NGMI versus OSNR

with MIMO linear and nonlinear equalization after 40-km SMF transmission. (c) NGMIs of the four signal bands over 50 measurements with
randomly varying polarization state. (d) Constellations of the four signal bands.

bandwidth) operating at 120 GSa/s is used to generate 15-GBd
PS-64QAM symbols shaped by a raised cosine filter with a roll-
off factor of 0.01. The entropy of PS-64QAM is optimized as
4.4 bit/symbol. The four independent signal bands are up-con-
verted to the intermediate frequency of £10.5 GHz to reserve
a 3-GHz guard band. The electrical signals are loaded into an
integrated dual-polarization 1Q modulator (Neophotonics, 35-
GHz 3-dB bandwidth) to modulate the light from the ECL
with a linewidth of ~100 kHz, centered at 1551.06 nm.
Another branch from ECL is employed as the optical carrier
with uncontrolled SOP. The modulated optical field is ampli-
fied by an EDFA with a noise figure of ~5.5 dB and then
launched into the fiber link. The launch power is optimized
as 8 dBm.

The optical signal is first boosted to 18 dBm after 80-km
SMF transmission and then fed into the polarization-diverse
full-field receiver for 4-D JSFR. The applied dispersion values
of three dispersive elements (TDCMX-SM TERAXION) are
set at about -300 ps/nm. After the photoelectric conversion,
a 100-GSa/s RTO (Tektronix DPO75902SX, 8-bit resolution)
with six synchronized channels is used to capture the electrical
waveforms for offline DSP. The electrical amplifiers are

employed in this setup to improve tolerance to the electrical
noise. At the receiver-side DSP, the electrical waveforms are
resampled to 60 GSa/s and then digitally filtered to emulate a
receiver with a rectangular bandwidth of 18.15 GHz. After
the frame synchronization, the six digital waveforms are fed
into the MIMO linear or Volterra nonlinear equalizer to per-
form optical field recovery, polarization demultiplexing, and
channel-matched equalization simultaneously. We also utilize
Volterra nonlinear equalization to mitigate the SSBI impair-
ment for the purpose of lowering computational complexity,
compared with iterative algorithms. The reconstructed dual-
polarization optical signal fields are demodulated to the base-
band and then down-sampled. The NGMIs of signal bands
14 are calculated using the bit-wise log-likelihood ratio.
Figure 5(c) shows the received optical spectra in the BTB
configuration and after an 80-km SMF transmission. About half
of the optical signal bandwidth is around 0.145 nm, roughly
equivalent to 18 GHz near 1550-nm wavelength, which
includes a 15.15-GHz signal bandwidth and a 3-GHz guard
band. In Fig. 5(d), we compare the optical spectra for both polar-
izations with and without polarization fading. It is clear that
when polarization fading occurs, one of the polarizations loses



406  Vol. 12, No. 3 / March 2024 / Photonics Research _ - Research Article

(@) 2
AWG (120 GSals) \ B
o f
l/
SMF
: VOA EDFA EDFA
— Optical path  —— Electrical path
(b) (c)e
(i) Transmitter DSP  (ii) Receiver DSP g.
CCDM Rectangular filtering % r
PS-QAM modulation Resampling g
Upsamp"ng Synchronization . ‘710550.3 15;13v — 1)55I1.2 1551.4
avelength (nm
RC filter MIMO Equ.(w/ w/o Volterra) (d) " i
c A w/ PF
Upconversion Subcarrier demultiplexing g ol “/\ f—i
Subcarrier multiplexing Downsampling 530 I‘W\w
Resampling GMI/NGMI 2o —
-50 1 1

Fig. 5.

1550.8 1551.0 1551.2 1551.4
Wavelength (nm)

(a) Experimental setup. ECL, external cavity laser; AWG, arbitrary waveform generator; DP IQM., dual-polarization IQ modulator; VOA,

variable optical attenuator; EDFA, erbium-doped fiber amplifier; SMF, single-mode fiber; PBS, polarization beam splitter; OC, 3 x 3 optical cou-
pler; PD, photodiode; EA, electrical amplifier; RTO, real-time oscilloscope. Dy, D,, D3, three dispersive elements with a dispersion value of
-300 ps/nm. (b) DSP stacks. RC, raised cosine; MIMO Equ. (w/ w/o Volterra), MIMO equalization (with/without Volterra). (c) Optical spectra
of PDM signals in the BTB and 80-km SMF case. (d) Optical spectra of X- and Y-polarization signals with and without polarization fading phe-

nomenon.

its carrier, similar to the results shown in Fig. 2(d). The electrical
spectra of the six received photocurrents are shown in Fig. 6(a).
The signal—carrier beating term contributes to the main part of
the received signal spectra, and the nonlinear SSBI spans a much
wider spectrum than the signal bandwidth. Fortunately, the re-
quired bandwidth of the JSFR receiver only needs to be larger
than the occupied bandwidth of linear signal replica, as the set-
tings in the receiver-side DSP. We thus sweep the CSPR from 6
to 16 dB to identify the optimal value for 80-km transmission,
shown in Fig. 6(b). It shows that the optimal CSPR is about
14 dB for Jones-space optical field recovery. Figure 6(c) displays
the OSNR sensitivity of the proposed scheme with different
polarization states in the BTB case. The experimental results
of the dispersive-element-based 4-D JSFR are consistent with
those based on MZIs. The OSNR penalty caused by polarization
rotation is only 0.2 dB at the NGMI threshold of 0.8, implying
that the proposed 4-D JSFR has a good tolerance for polarization
rotation. Figure 6(d) displays the OSNR sensitivity of the pro-
posed scheme with different polarization states in the 80-km
SMF case. Compared with the BTB case, the field recovery
ability of 4-D JSFR successfully brings the 80-km transmission
penalty down to less than 0.3 dB. The recovered constellations
of four signal bands after 80-km SMF transmission are displayed
in Fig. 6(e). The excellent quality of constellations affirms the
effectiveness of the proposed 4-D JSFR receiver in mitigating
impairments. These results confirm that the phase-diverse unit
of the proposed receiver can be adapted with other potential
optical elements, and demonstrate the future possibilities of

4-D JSFR.

4. DISCUSSION

We highlight the achieved electrical spectral efficiency (ESE) in
the experiment through the implementation of 4-D JSFR based
on MZIs. Considering a practical FEC threshold of 0.8798
[42], linear and nonlinear equalization can both achieve a
net data rate of 873.7 Gbit/s. The rectangular electrical band-
width of the 4-D JSFR receiver is 56.53 GHz. Thus, the
achieved ESE is 15.45(=873.7/56.53) (bit/s)/Hz. Figure 7
summarizes the net ESEs and data rate of state-of-the-art
DD systems beyond 100 Gbit/s with 1-D to 4-D modulation.
To the best of our knowledge, the 4-D JSFR achieves the high-
est electrical spectral efficiency among the existing direct detec-
tion systems. The achieved data rate supports single-wavelength
800-Gbit/s transmission and meets the requirements of next-
generation Ethernet interface evolution.

Compared with the schemes in Refs. [23,28], a 40-km
transmission distance can be supported with 4-D JSER to fulfill
the requirement of interconnection between large-scale data
centers, which reveals its capability of optical field recovery
for fiber chromatic dispersion compensation. In addition, un-
like the modified Gerchberg—Saxton algorithm that recon-
structs the optical field from the quadratic signal-signal
beating term of carrier-less signal [31], 4-D JSFR successfully
extracts the optical field from the linear signal—carrier beating
term. Therefore, the required bandwidth of the receiver is al-
most halved with respect to signal bandwidth, resulting in an
improved electrical spectral efficiency that is comparable to in-
tradyne coherent detection.
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(a) Electrical spectra of the six received photocurrents. (b) Measured NGMI versus CSPR in the 80-km transmission case. (c) Measured

NGMI versus OSNR with MIMO linear and nonlinear equalization in the BTB case. (d) Measured NGMI versus OSNR with MIMO linear and
nonlinear equalization after 80-km SMF transmission. (¢) Constellations of the four signal bands.

In our experiment, MZIs and DEs are employed as the
phase-diverse units used for retaining the I/Q components.
In addition, other optical devices such as micro-ring resonators,
optical all-pass filters, or silicon Bragg gratings [47] can also be
used for this purpose. The choice of the device depends on the
specific requirements of the system, such as the modulation
bandwidth and the required level of integration. The key is
to ensure that the device provides sufficient modulation band-
width for high-capacity transmission. On-chip implementation
of these devices can offer advantages in terms of size, power
consumption, and cost.

It is worth noting that the LO-less advantage makes the
polarization-diverse full-field receiver structure particularly at-
tractive for the complementary metal oxide semiconductor
(CMOS)-compatible silicon photonics platform [38,48].
Monolithic integration is within reach, especially for group-IV-
element-based indirect band gap semiconductor material with
low quantum efficiency.

The 4-D JSFR has resolved the polarization fading issue,
which can be attributed to polarization mode coupling in
single-mode fiber. For spatial division multiplexing, this meth-
odology can also be employed to eliminate the fading phe-
nomenon induced by spatial mode/core coupling in direct
detection systems. Therefore, the JSFR scheme holds the

potential to leverage higher physical dimensions in few-mode
[49], orbital-angular-momentum ring-core [50], or multi-core
fiber [51].

To summarize, this paper has described the concept of a
four-dimensional direct detection receiver and experimental
results of 15.45-(bit/s)/Hz electrical spectral efficiency over
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’E‘ 16 *
= [25]
(2]
=12 [46]
2
= * 23]
n 8 ° [45]
- B g, wp)
Z 4 4]

[31]
0
0 200 400 600 800 1000 1200

Net data rate (Gbit/s)

Fig. 7. Net ESE and net data rate comparison in various direct de-
tection systems beyond 100 Gbit/s. Direct detection systems with
modulation dimensions from 1-D to 4-D are compared.
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40-km single-mode fiber transmission with dual-polarization
complex-valued double sideband signal. We have achieved a
net data rate of 873.7 Gbit/s using a single-wavelength optical
source. The 4-D JSFR fully exploits the physical dimensions of
light in single-mode fiber, almost quadrupling the conventional
IM-DD system’s electrical spectral efficiency. Benefiting from
optical field recovery, it also enables receiver-side digital com-
pensation for chromatic dispersion and random polarization ro-
tation, similar to coherent systems. It provides a powerful and
practical solution without an LO, which is suitable for high-
speed data center optical networks. The theoretical derivation
and analysis to tackle polarization mode coupling issues are
scalable to numerous spatial division multiplexing channels in-
cluding few-mode, multi-core fibers, and their mixers. Beyond
optical communications, Jones-space optical field recovery may
have applications in optical metrology, imaging, and sensing
systems. Its potential applications in high-speed data transmis-
sion suggest it could be a field of interest for future research.

APPENDIX A: THEORETICAL DERIVATION OF
OPTICAL FIELD RECOVERY

We instantiate the time-domain impulse response of 4, (z) =
6(2) + jo(t - 7) and hy(z) = 6(¢) - j6(¢ - 7) using a Mach—
Zehnder interferometer. The received photocurrents 7;(z)
and 7,(¢) can be denoted as

i(t) = |C+ S(t) 4+ j(C + S - 1)
=|C+SOP+|C+St-20))
+7(C* + S*(1))(C + S(r - 7))
-J(C+ SEN(C* + S*(¢ - 1)), (A1)

i(t) = |C+ S - j(C+ St -1)P
=|C+S@I*+|C+S(-1)
- i(C* 4+ S*())(C + S(t - 7))
+7(C + S(2)(C* + §*(¢ - 7). (A2)

We add 7,(#) and 7,(#), and exclude the direct current,
acquiring the in-phase component /(z), denoted as

i1(2) + iy (1) - 4|C|?
= 4Re{C*(S(z) + S(t - 7))} + 2|S(®)|* + 2|S(z - 7)|?
=4|C|-1(t) ® (5(r) + 8(t - 1)) + 2|S(»)|?

® (6(2) + (- 7)). (A3)

Next, we subtract 7,(¢) from 7;(#), and exclude the direct
component (DC) carrier—carrier beating term, acquiring the
quadrature component Q(z), denoted as

i (1) - iy(2)
= 4Im{C*(S(¢) - S(+ - 7))} + 4 Im{S(#)S*(r - 1)}
=4|C|- Q1) ® (6(r) - 8(z - 7))
+ 4Im{S(x)S*(r - 7)}. (A4)
Note that in Eqs. (A1)—(A4), C = |C|e/%. Thus, the in-

phase and quadrature components of S(#) with respect to
the carrier (C) are recovered as

1) 2 RefS(1)e 7}
= 71610+ () -41CP)
® (3(0)+3(e-0) -5 SO,

Q) =i (e} = 2010 (6) © (60) - 3(e-))
CEmISOS -0} ® @0 -a¢-) (AD

Finally, S(#) can be acquired from 7;(z) 4+ i,(#) and
i1(¢) - i,(¢) with an adaptive nonlinear equalization such as
widely used Volterra series.

APPENDIX B: SUPPLEMENTARY RECEIVER
STRUCTURE BASED ON DISPERSIVE
ELEMENTS

In addition to the MZI, we also instantiate the time-domain
impulse response of 4;(#) and A,(¢) using a single DE. The
modified polarization-diverse full-field receiver structure is de-
picted in Fig. 8.

The dispersion element acts like an all-pass filter having a
time-domain impulse response of 4, (¢) = 1 and h,(z) = h(z).
After excluding the DC components, the detected photocur-
rents [7;(¢) and i,(¢)] from two branches can be written as

1) = (1) = [C+ SO - |C? =2|C|- 1(1) + |S() P,
(B1)

(1) - (i(1)) = |(C+ S(0) ® h(»)* - |CP?
=2[Cl-((2) ® by (1) - Q) @ hq(2))
+S(1) ® A(n)]*. (B2)

The time-domain impulse response 4(#) of DE is decom-
posed into an in-phase part 4;(¢) and a quadrature part
hq(r) correspondingly. Both Eqgs. (B1) and (B2) consist of
two terms each, corresponding to the signal-carrier beating,
which is essentially the linear signal replica, and the nonlinear
SSBI terms. Specifically, Eq. (B1) reveals the fact that direct
detection can only capture the in-phase component /() with
respect to the optical carrier, while the quadrature information
Q(#) is completely lost. Thanks to the proper instantiation, the
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Fig. 8. Polarization-diverse full-field receiver structure based on
dispersion elements. PBS, polarization beam splitter; OC, 3 x 3 optical
coupler; DE, dispersive element; PD, photodiode.
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quadrature information is mixed with the in-phase part and
captured in the dispersed branch in Eq. (B2). Thus, the in-
phase and quadrature components of S(#) with respect to
the carrier can be recovered, expressed as
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