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Direct detection with an optimal transfer
function: toward the electrical spectral
efficiency of coherent homodyne detection
Xingfeng Li1, Jingchi Li1, Xiong Ni1, Hudi Liu1, Qunbi Zhuge1,
Haoshuo Chen2, William Shieh3 and Yikai Su1*

Complex-valued  double-sideband  direct  detection  (DD)  can  reconstruct  the  optical  field  and  achieve  a  high  electrical
spectral efficiency (ESE) comparable to that of a coherent homodyne receiver, and DD does not require a costly local os-
cillator laser. However, a fundamental question remains if there is an optimal DD receiver structure with the simplest de-
sign to approach the performance of the coherent homodyne detection. This study derives the optimal DD receiver struc-
ture with an optimal transfer function to recover a quadrature amplitude modulation (QAM) signal with a near-zero guard
band at the central frequency of the signal. We derive the theoretical ESE limit for various detection schemes by invok-
ing Shannon’s formula. Our proposed scheme is closest to coherent homodyne detection in terms of the theoretical ESE
limit. By leveraging a WaveShaper to construct the optimal transfer function, we conduct a proof-of-concept experiment
to transmit a net 228.85-Gb/s 64-QAM signal over an 80-km single-mode fiber with a net ESE of 8.76 b/s/Hz. To the best
of our knowledge, this study reports the highest net ESE per polarization per wavelength for DD transmission beyond 40-
km single-mode fiber. For a comprehensive metric, denoted as 2ESE×Reach, we achieve the highest 2ESE×Reach per po-
larization per wavelength for DD transmission.
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Introduction
Driven  by  bandwidth-hungry  Internet  services,  such  as
artificial  intelligence  (AI)  video streaming,  e-commerce,
and social  networks,  traffic  demands  for  data  center  in-
terconnections and metro networks have experienced ex-
ponential  growth1−3.  Coherent  detection  is  a  promising
candidate  owing  to  its  superior  performance,  including
its  capability  for  field  reconstruction  and  high  electrical
spectral  efficiency  (ESE)4−6.  However,  an  expensive  nar-

row-linewidth  local  oscillator  (LO)  laser  is  required  at
the  receiver,  which  inevitably  increases  the  system  cost.
Consequently,  intensity  modulation-direct  detection
(IM-DD) is  still  widely implemented as a low-cost solu-
tion for short-reach applications7. However, the conven-
tional IM-DD system sacrifices approximately half of the
ESE  because  only  the  amplitude  is  used  as  the  modula-
tion dimension. Additionally, various impairments, such
as  the  chromatic  dispersion  (CD),  cannot  be  digitally 
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compensated owing to the lack of field recovery capabili-
ty,  which significantly  limits  the  attainable  bitrate-reach
product8.  Although  single-sideband  (SSB)  modulation
based  on  the  Kramers−Kronig  (KK)  algorithm  can  be
used to extend the transmission distance, the ESE is lim-
ited because the carrier  is  located at  the edge of  the sig-
nal spectrum and the image sideband bears no informa-
tion9,10. Additionally, a Stokes-vector receiver (SVR) with
field reconstruction was proposed, but its ESE is still  far
from that of coherent homodyne detection11,12. A carrier-
less phase retrieval receiver was proposed to recover the
phase of a quadrature amplitude modulation (QAM) sig-
nal  based  on  a  modified  Gerchberg-Saxton  (GS)  algo-
rithm13.  However,  the  carrier-less  phase  retrieval  receiv-
er must fully detect the signal-to-signal beat interference
(SSBI),  which  doubles  the  required  receiver  electrical
bandwidth, compared with that of a coherent homodyne
receiver,  thus  limiting  the  ESE.  Consequently,  it  is
worthwhile  to investigate the field recovery of  complex-
valued  double-sideband  (CV-DSB)  signals  using  DD.
More specifically, the advanced detection scheme should
have  the  following  characteristics:  (i)  capability  of  field
recovery  for  digital  impairment  compensation,  (ii)  high
ESE,  that  is,  a  capability  to  detect  CV-DSB  signals,  and
(iii) a low-cost solution that does not require an LO laser.

Recently,  carrier-assisted  differential  detection
(CADD) was proposed to recover the full  field of a CV-
DSB  signal  based  on  a  delay  interferometer  structure14.
Both the left sideband (LSB) and right sideband (RSB) of
the CV-DSB signal were loaded with uncorrelated infor-
mation-bearing signals. On the receiver side, the CADD
receiver  recovers  the  CV-DSB  signal  from  the  carrier-
signal  beating  term  instead  of  the  SSBI  term.  Subse-
quently,  similar technologies were proposed, such as in-
tegrated  silicon  photonic  (SiP)  CADD  receivers15−17,
asymmetric self-coherent detection (ASCD) receivers18,19,
Jones space direct  detection (JSDD) receivers20,21,  and as
discussed in our previous studies, deep-learning-enabled
DD (DLEDD) receivers22−25.  However,  a  common prob-
lem  in  all  the  aforementioned  approaches  for  CV-DSB
DD is the periodic frequency nulls induced by the imper-
fect  transfer  functions  of  the  receivers,  which  originates
from  the  CD  element  or  delay  interferometer.  The  fre-
quency  nulls  induce  severe  SSBI  enhancement,  which
distorts the desired linear carrier-signal beating term and
demands  wide  frequency  guard  bands,  thereby  sacrific-
ing  the  achievable  system  data  rate  and  ESE.  In  ref.26,  a
DD  receiver  with  a  near-ideal  phase  response  was

demonstrated by  using  a  racetrack  resonator.  The high-
est  ESE of  7.1  b/s/Hz  was  achieved  using  the  integrated
DD receiver.  However,  a  fundamental  question remains
if there is an optimal DD receiver structure with the sim-
plest  design  to  approach  the  performance  of  the  coher-
ent  homodyne  detection.  In  coherent  homodyne  detec-
tion, the quadrature component is detected based on the
beating between the 90-degree phase-shifted carrier  and
the information-bearing signal.

In  this  paper,  via  analogy  to  coherent  homodyne  de-
tection,  we derived an optimal  DD receiver  architecture
comprising  a  coupler,  two  single-ended  photodiodes
(PDs),  two  analog-to-digital  converters  (ADCs),  and  a
frequency-selective  phase  shifter  with  an  optimal  trans-
fer function, explaining why the structure in ref.26 is ide-
al.  Our  proposed  scheme  advances  the  field  in  the  fol-
lowing aspects: (i) starting from the receiver structure of
coherent  homodyne  detection,  the  optimal  DD  receiver
structure  is  derived to  approach the  performance of  co-
herent homodyne detection through the simplest design,
(ii)  compared to a fixed phase shift,  an adjustable phase
shift on either the carrier or the information-bearing sig-
nal  enables  better  performance  by  considering  the  im-
pact of SSBI, and (iii) we use a convolutional neural net-
work (CNN) to seamlessly achieve signal reconstruction
and SSBI mitigation in a unified step. By invoking Shan-
non’s  formula,  we  derive  the  theoretical  ESE  limits  for
the  various  detection  schemes.  The  proposed  scheme  is
closest  to  the  coherent  homodyne  scheme.  The  simula-
tion results  indicate  that  our  proposed scheme has  only
an approximately 1-dB optical signal-to-noise ratio (OS-
NR)  penalty  at  the  25% forward  error  correction  (FEC)
threshold  compared  with  that  of  a  coherent  transmis-
sion  system,  considering  the  carrier-to-signal  power  ra-
tio (CSPR) penalty. Additionally, we perform a proof-of-
concept experiment in which a WaveShaper (WS) is em-
ployed to construct the optimal transfer function. By ju-
diciously  selecting  the  appropriate  phase  shift,  we  suc-
cessfully demonstrate a 46-GBaud 64-QAM signal  in an
80-km  single-mode  fiber  (SMF)  transmission  experi-
ment with 228.85-Gb/s net data rate and 8.76-b/s/Hz net
ESE.  In  the  context  of  data  center  interconnections,
metro  networks,  and  mobile  backhauls  beyond  40
km27−29,  we  report  the  highest  net  ESE  per  polarization
per  wavelength  on  DD  transmission,  to  the  best  of  our
knowledge.  For  a  comprehensive  metric,  denoted  as
2ESE×Reach, we also achieved the highest 2ESE×Reach per
polarization per wavelength on DD transmission. 
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Results
 

Evolution from coherent homodyne detection to
direct detection
We start the analysis from a conventional phase-diversi-
ty  coherent  homodyne  receiver. Figure 1(a) shows  the
configuration, which consists of a laser, a 90° optical hy-
brid,  and  two  balanced  photodiodes  (BPDs).  The  re-
ceived  information-bearing  signal  is s(t).  When  the  sig-
nal  and  LO  are  co-polarized,  four  outputs  can  be  ob-
tained after the 90° optical hybrid, as follows: 

E1 =
1
2
(s+ c) , (1)

 

E2 =
1
2
(s− c) , (2)

 

E3 =
1
2
(s+ jc) , (3)

 

E4 =
1
2
(s− jc) , (4)

where j denotes an imaginary unit. Without loss of gen-
erality,  we  assume  that  the  carrier c is  a  real-valued
constant.

Then, the output photocurrents from the PDs are given
by 

i1 = |E1|2 =
1
4
{|s|2 + |c|2 + 2Re (s · c∗)} , (5)

 

i2 = |E2|2 =
1
4
{|s|2 + |c|2 − 2Re (s · c∗)} , (6)

 

i3 = |E3|2 =
1
4
{|s|2 + |c|2 + 2 Im (s · c∗)} , (7)

 

i4 = |E4|2 =
1
4
{|s|2 + |c|2 − 2 Im (s · c∗)} , (8)

where  *  represents  conjugation.  Re[·]  and  Im[·]  denote
the real  and imaginary parts,  respectively.  After  the  two
BPDs,  the  in-phase  and  quadrature  components  of s(t)
can be reconstructed as follows: 

sin-plases = i1 − i2 = Re (s · c∗) , (9)
 

squadrature = i3 − i4 = Im (s · c∗) . (10)

Different from coherent detection, carrier-assisted DD
with  a  copropagating  carrier  is  an  LO-free  detection
scheme, as depicted in Fig. 1(b). We assume that the re-
ceived optical signal is [s(t) + c]/2, where c and s(t) repre-
sent the carrier and information-bearing signals, respec-
tively. Next, we impose a phase shift on the carrier. More
specifically,  the  carriers  are  imposed  by  180°,  90°,  and
−90° phase shifts at  the second, third, and fourth recep-
tion paths, respectively. The phase responses of the h1(t),
h2(t),  and h3(t)  are  shown  in Fig. 1(c).  After  imposing
phase shifts on the carrier, we can obtain the same fields
as  expressed in Eqs.  (1−4).  We can then recover  the  in-
formation-bearing signal, similar to a coherent detection.
Two BPDs are used to eliminate the SSBI and |c|2. Conse-
quently, Fig. 1(b) illustrates an optimal DD receiver that
achieves  the  same  performance  as  that  of  a  coherent
homodyne.

However,  the  optimal  DD  receiver  depicted  in Fig.
1(b) is  complicated  because  three  frequency-selective
phase shifters are required. If SSBI is mitigated in digital
signal  processing  (DSP)  algorithms,  the  optimal  DD re-
ceiver structure can be simplified,  as  shown in Fig. 2(a).

 

PD

π/2

h1(t)

ω0

φ1(ω) 
180° h2(t)

ω0

φ2(ω)

90°

h3(t)

ω0

φ3(ω)

−90°

PD

E1

E2

E3

E4

i1

i2

i3

i4

Re[s·c*]

Im[s·c*]

h1(t)

h2(t)

h3(t)

E1

E2

E3

E4

i1

i2

i3

i4

Re[s·c*]

Im[s·c*]

a

c

b

Signal: s

LO: c

(s+c)/2

Fig. 1 | (a)  Configuration  of  the  phase-diversity  coherent  homodyne  receiver.  (b)  Optimal  DD  receiver  with  three  frequency-selective  phase

shifters. (c) Phase responses of h1(t), h2(t), and h3(t).
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It  consists  of  a  coupler,  a  frequency-selective  phase
shifter,  two  single-ended  PDs,  and  two  ADCs,  explain-
ing  why  the  structure  in  ref.26 is  ideal.  Without  loss  of
generality,  we  use θ to  present  the  phase  shift. Figure
2(b) shows  the  amplitude  and  phase  responses  of h(t).
For  the  sake  of  simplicity,  we  assume  that  the  received
optical  signal  is s(t)  + c.  We  hereafter  also  consider  the
impact of noise on the performance. The fields before the
PDs are as follows: 

E1 = s+ c , (11)
 

E2 = s+ ejθc . (12)
After  the  square-law  detection,  the  output  photocur-

rents can be written as 

i1 =|E1|2 + n1 = |s|2 + |c|2 + 2Re(s · c∗) + n1

=|s|2 + |c|2 + 2csin-phase + n1 , (13)
 

i2 =|E2|2 + n2 = |s|2 + |c|2

+ 2Re(s · e−jθ · c∗) + n2

=|s|2 + |c|2 + 2Re[(sin-phase + jsquadrature)
· (cosθ− jsinθ) · c∗] + n2

=|s|2 + |c|2 + 2c(sin-phasecosθ+ squadraturesinθ)
+ n2 , (14)

where n1 and n2 denote the uncorrelated white Gaussian
noises.  We can reconstruct the in-phase and quadrature
components of the information-bearing signal as follows: 

sin-phase =
i1 − |s|2 − |c|2 − n1

2c
, (15)

 

squadrature =
i2 − |s|2 − |c|2 − 2c · sin-phase · cosθ− n2

2c · sinθ
.

(16)
The carrier c can reach the optimum value via a direct-

current-sweep  method.  This  method  is  widely  used  in
KK and CADD receivers. In addition, the direct-current
component  can  also  be  recovered  by  using  an  alternat-
ing current-coupled PD30.

The  structure  is  simplified  at  the  cost  of  introducing
the SSBI, as shown in Eqs. (15) and (16). If the SSBI can
be eliminated via DSP, the recovery error of the quadra-

2c · sin-phase · cosθ+ n2

2c · sinθture component in Eq. (16) is . To

minimize the recovery error and thus maximize the elec-
trical SNR (ESNR) of the recovered signal, the optimum
phase  shift  is  90°,  which  is  in  good  agreement  with  the
coherent receiver in Eqs. (9) and (10). In practice, an it-
erative  algorithm  is  used  to  mitigate  the  SSBI.  We  can
use a  recursive feedback algorithm to mitigate  the SSBI,
as  shown  in Fig. 3.  In  the  first  iteration,  based  on Eqs.
(15) and (16), the SSBI and linear crosstalk 2csin-phase are
set to zero. The recovered field s(t) is used to estimate the
|s(t)|2 and  2csin-phase,  which  are  removed  from i1 and i2
according to Eqs. (15) and (16) during the second itera-
tion.  This  process  is  carried out  iteratively  until  the  im-
pacts of SSBI and linear crosstalk are marginal.
  

DD
receiver

i1

i2

∑+ −

∑+
−

Field
recovery s(t) |s(t)|2

sin-phase(t)

Fig. 3 | Schematic diagram of the iterative SSBI cancellation algorithm.

 
After each iteration, the resulting signals are as follows:
Iteration 1: 

sin-phase1 =
i1 − |c|2

2c
,

 

squadrature1 =
i2 − |c|2

2c · sinθ
,

 

s1 = sin-phase1 + jsquadrature 1 .

e1 = (sin-phase1 − sin-phase)+

j(squadrature1 − squadrature) =
|s|2 + n1

2c
+ j

|s|2 + 2c · sin-phase · cosθ+ n2

2c · sinθ

The  recovery  error  is 

.

|e1|2 =
∣∣∣∣ |s|2 + n1

2c
+ j

|s|2 + 2c · sin-phase · cosθ+ n2

2c · sinθ

∣∣∣∣2
=

∣∣∣∣ |s|2 + n1

2c

∣∣∣∣2 + ∣∣∣∣ |s|2 + 2c · sin-phase · cosθ+ n2

2c · sinθ

∣∣∣∣2
The loss function is

 

.

Iteration 2: 

sin-phase2 =
i1 − |s1|2 − |c|2

2c
,

 

 

PD

h(t)

E1

E2

i1

i2

s+c

ω0

|H(ω)|

1

ω0

φ(ω)

θ
ADC

ADC

a b

Fig. 2 | Proposed DD receiver with the optimal transfer function. (a) Optimal receiver structure. (b) Optimal amplitude and phase responses of h(t).
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squadrature2 =
i2 − |s1|2 − |c|2 − 2c− sin-phase1 · cosθ

2c · sinθ
,

 

s2 = sin-phase2 + jsquadrature2 .

e2 = (sin-phase2 − sin-phase)+

j(squadrature2 − squadrature) =
|s|2 − |s1|2 + n1

2c
+

j
|s|2 − |s1|2 + 2c · (sin-phase − sin-phase1) · cosθ+ n2

2c · sinθ
.

The  recovery  error  is 

 

 

|e2|2 =
∣∣∣∣ |s|2 − |s1|2 + n1

2c

∣∣∣∣2+∣∣∣∣ |s|2 − |s1|2 + 2c · (sin-phase − sin-phase1) · cosθ+ n2

2c · sinθ

∣∣∣∣2
The  loss  function  is 

.

Iteration 3: ……
In Iteration 1, the SSBI is not mitigated. When θ is 90°,

the  recovery  error  and the  loss  function  are  minimized.
In Iteration 2, the SSBI is partially mitigated by using s1.
Since  the  terms  in  the  quadrature  component  of e2 are
not the same signs, the optimum θ is related to both the
SSBI  and  noise.  As  the  iteration  goes  on,  the  loss  func-
tion becomes more and more complicated. We will verify
that the optimum θ is affected by CSPR and OSNR later. 

Phase shift imposed on signal
In addition to  imposing a  phase  shift  on the  carrier,  we
confirm that the same result could be obtained by impos-
ing the phase shift on the signal, which yields an alterna-
tive transfer function for h(t).  The receiver structure re-
mains  as  illustrated  in Fig. 2(a),  but  the  amplitude  and
phase responses of h(t) are shown in Fig. 4. At the receiv-
er, the incident signal is split into two parts by a 1×2 cou-
pler. The fields before the PDs are as follows: 

E1 = s+ c, (17)
 

E2 = (s+ c)⊗h(t) = s⊗h(t)+ c⊗h(t) = ejθs+ c, (18)

⊗where  represents the linear convolution. After square-
law  detection,  the  output  photocurrents  can  be  ex-
pressed as 

i1 = |E1|2 + n1 = |s|2 + |c|2 + 2Re (s · c∗) + n1

=|s|2 + |c|2 + 2csin-phase + n1, (19)
 

i2 = |E2|2 + n2 =
∣∣s · ejθ∣∣2 + |c|2

+ 2Re
(
s · ejθ · c∗

)
+ n2

=|s|2 + |c|2 + 2Re[(sin-phase + jsquadrature)
· (cosθ+ jsinθ) · c∗] + n2

=|s|2 + |c|2 + 2c(sin-phase cosθ− squadraturesinθ) + n2.
(20)

We can recover  the  in-phase  and quadrature  compo-
nents of the information-bearing signal as follows: 

sin-phase =
i1 − |s|2 − |c|2 − n1

2c
, (21)

 

squadrature = −
i2 − |s|2 − |c|2 − 2c · sin-phane · cosθ− n2

2c · sinθ
.

(22)

|s|2 + 2c · sin-phase · cosθ+ n2

2c · sinθ

Eqs.  (21) and (22) agree  with Eqs.  (15) and (16).  The
negative sign is present because the phase difference be-
tween  the  signal  and  carrier  is θ instead  of −θ as  in  the
previous  section.  In Eq.  (22),  the  recovery  error  of  the

quadrature  component  is ,

and it  is  minimized when θ is  90°.  We refer to this pro-
cess  of  signal  reconstruction  as  Solution  1.  Next,  we
present Solution 2 to reconstruct the signal.

In  Solution  2,  the  in-phase  component  is  still  recov-
ered by using Eq.  (21).  To recover  the  quadrature  com-
ponent  from Eq.  (20),  we  use Eq.  (19) to  eliminate  the
linear crosstalk. We have: 

i1cosθ− i2 =(|s|2 + |c|2 + n1) · cosθ− |s|2 − |c|2+
2csquadrature · sinθ− n2 . (23)

Then,  the  recovered  quadrature  component  is  ex-
pressed as: 

squadrature =
1

2c · sinθ
[i1cosθ− i2 − (|s|2 + |c|2 + n1)

· cosθ+ |s|2 + |c|2 + n2]. (24)

1
2c · sinθ

[(|s|2 + n1) · cosθ− (|s|2 + n2)]

The  recovery  error  in Eq.  (24) is

.  Since  the  two

terms in the square bracket are opposite signs,  the opti-
mum θ is related to both the SSBI and noise. There is no
definite θ that minimizes the recovery error.

Next, we validate the aforementioned theoretical anal-
ysis  through  a  numerical  simulation.  In  the  simulation,
we  generate  a  50-GBaud  dual-SSB  16-QAM  Nyquist-
shaped  signal  with  a  roll-off  factor  of  0.01.  A  6-GHz
guard band (−3 GHz to  3  GHz)  is  inserted  between the
LSB and RSB. After loading the additive white Gaussian
noise, we use the proposed DD receiver with an optimal
transfer  function  to  detect  the  16-QAM  signal.  More
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details  regarding  the  simulation  setup  are  provided  in
Section 1 of Supplementary information. As illustrated in
Fig. 5(a),  the  optimum θ is  90°  and the θ is  not  affected
by the CSPR and OSNR. After the iterative SSBI cancel-
lation,  the  optimum θ experiences  minor  perturbation,
as depicted in Fig. 5(b). For Solution 2, the optimum θ is
related  to  both  CSPR  and  OSNR,  regardless  of  whether
the iterative SSBI cancellation algorithm is carried out, as
shown in Fig. 5(c) and 5(d). In addition, we observe that
the  bit  error  ratio  (BER)  performance  of  Solution  2  is
better than that of Solution 1, which can be attributed to
the fact that the SSBI and linear crosstalk have the same
signs in Eq. (22);  however,  the two SSBI terms have op-
posite signs in Eq. (24).  The ESNR of the recovered sig-
nal is improved in Solution 2.

It is anticipated that there might exist alternative solu-
tions  capable  of  achieving  superior  BER  performance
compared  with  that  presented  in  Solution  2.  Neverthe-
less,  determining  the  optimal  signal  reconstruction
method  through  conventional  formula  derivations  re-
mains  a  challenge.  Our  ultimate  goal  is  to  obtain  the
most favorable BER performance after signal reconstruc-
tion  and  SSBI  cancellation.  Leveraging  a  CNN  is  a
promising  approach  for  achieving  this  goal31.  This  ap-
proach, illustrated in Fig. 6, is denoted as Solution 3. The

two detected photocurrents  are fed into the CNN as in-
puts. We utilize the same deep CNN structure employed
in our previous work25, which is also provided in Section
1 of  Supplementary  information.  This  approach enables
us  to  seamlessly  achieve  signal  reconstruction  and  SSBI
mitigation in a unified step through the implementation
of the CNN, thus enabling optimal system performance.
In  this  work,  ~104 real-valued  multiplications  are  re-
quired  to  reconstruct  the  field  of  one  symbol.  If  an  ad-
vanced  field-programmable  gate  array  (FPGA)  is  used,
lower 108 real-valued multiplications per symbol are fea-
sible  for  realistic  signal  processing32.  To  simplify  the
CNN  structure  and  reduce  the  algorithm  complexity,  a
pruned algorithm can be utilized33.

Figure 7(a) shows  the  BER  performance  by  varying θ
at different CSPRs and OSNRs for Solution 3. Note that
the BERs are zero for θ varying from 20° to 45° under the
conditions of a 6-dB CSPR and 33-dB OSNR, which are
not depicted in the figure. The BER performance of Solu-
tion  3  is  much  better  than  that  of  Solution  2.  The  ulti-
mate BER performance is determined by both the residu-
al SSBI and noise (related to the OSNR), where the resid-
ual  SSBI  is  dependent  on the  initial  SSBI  (related to  the
CSPR),  SSBI  enhancement  (related  to  the  transfer  func-
tion  of h(t)),  and  SSBI  cancellation  algorithm.  The
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optimum θ is reduced as the SSBI increases or the noise
decreases.  In  short,  the  optimal  receiver  structure  is
shown  in Fig. 2(a) to  approach  the  performance  of  co-
herent homodyne detection through the simplest design.
The corresponding optimal transfer functions h(t) are il-
lustrated  in Figs. 2(b) and Fig. 4.  In  practice,  the  phase
shift needs to be optimized according to the BER. Com-
pared to a fixed phase shift  in ref.26,  an adjustable phase
shift on either the carrier or the information-bearing sig-
nal  enables  better  performance  by  considering  the  im-
pact of SSBI.

To evaluate  the  performance  of  the  DD receiver  with
an  optimal  transfer  function,  we  also  give  the  BER  re-
sults  of  using  a −185-ps/nm  CD  element  to  realize  the
transfer function of h(t), as shown in Fig. 7(b). The CSPR
is 6 dB, and the phase shift θ of the optimal transfer func-
tion is  set  to  45°.  Our  proposed scheme shows a  4.4-dB
better  OSNR sensitivity  than that  of  the scheme using a
dispersive  element  at  the  25%  FEC  threshold.  In  addi-
tion, our proposed scheme reduces the BER by approxi-
mately  three  orders  of  magnitude  at  30-dB  OSNR.  The
performance improvement can be attributed to the elim-
ination of the effect of frequency-selective power fading.
Our proposed optimal  transfer  function h(t)  has a  weak
enhancement  on  the  SSBI  because  the  null  point  is  not
within the information-bearing spectrum, which signifi-
cantly improves the BER performance. We also provide a
theoretical  BER  curve  for  coherent  detection  with  the

CSPR penalty as a benchmark, which considers the carri-
er-induced power penalty34. 

Numerical characterization of the BER performance
with a near-zero guard band
A  numerical  simulation  is  conducted  to  verify  the  high
performance  of  our  proposed  scheme  with  a  near-zero
guard  band.  We  generate  a  300-GBaud  dual-SSB  16-
QAM Nyquist-shaped signal with a roll-off factor of 0.01.
A  1-Hz  guard  band  (−0.5  Hz  to  0.5  Hz)  is  inserted  be-
tween  the  LSB  and  RSB.  After  loading  additive  white
Gaussian noise,  the proposed DD receiver with an opti-
mal transfer function is  used to detect the 16-QAM sig-
nal. The phase shift θ of the optimal transfer function is
set  to  45°.  We use  a  CNN to  reconstruct  the  signal  and
mitigate SSBI. Further details about the simulation setup
are provided in Section 1 of Supplementary information.

Figure 8(a) shows  the  dependence  of  the  simulated
BER on CSPR for different schemes under the condition
of a 30-dB OSNR. The BER curves for the phase shifts to
the  signal  and  carrier  nearly  overlap,  which  agrees  with
the  results  of  the  theoretical  analysis  described  in  the
previous section. The optimal CSPR is 3 dB. Only a near-
zero  guard  band  is  required  for  the  proposed  scheme.
The BER penalty relative to the theoretical  curve can be
attributed to the residual SSBI.

Figure 8(b) depicts the simulated BER performance by
varying  the  OSNR  for  different  schemes  under  the
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condition  of  a  3-dB  CSPR.  Compared  with  a  coherent
system with a CSPR penalty, the proposed scheme using
the optimal transfer function has an approximately 1-dB
OSNR  penalty,  which  can  be  attributed  to  the  residual
SSBI. Note that the coherent system compared here con-
siders the CSPR penalty, which is inherent and unavoid-
able in carrier-assisted DD systems.
 

Theoretical ESE limit
In  this  section,  we  will  derive  the  theoretical  ESE  limits
by invoking Shannon’s formula35:
 

R = αB · log2

(
1+

β1

β2

OSNR
1+ CSPR

Bref

B

)
, (25)

where R is the net data rate, α is an interface rate scaling
factor, B is  the  optical  signal  bandwidth, β1 is  a  signal
power  scaling  factor  that  is  related  to  polarization-divi-
sion multiplexing, β2 is a noise enhancement factor, and
Bref is 12.5 GHz.

In an amplifier noise-limited system with a DD, if the
OSNR and the power of amplified spontaneous emission
noise  are  fixed,  then  the  total  power  of  the  signal  and
carrier is fixed36.  We assume that the SSBI can be elimi-
nated, which can be achieved by using the receiver struc-
ture  in Fig. 1(b).  In  this  scenario,  the  CSPR required by
the system is minimal. After PD, the desired carrier-sig-
nal beating term and ESNR of the electrical signal can be
maximized when the signal power is equal to the carrier
power36,37.  Thus,  the lowest  optimum CSPR for the pro-
posed scheme is 0 dB.

Because only a near-zero guard band is required at the
central  frequency  of  the  signal,  the  electrical  bandwidth
of  the  receiver  is  approximately B/2.  The ESE is  ex-
pressed as:
 

ESE =
R
B/2

=
2R
B
. (26)

By  substituting Eq.  (26) into Eq.  (25),  we  obtain  the
theoretical ESE limit of the proposed scheme as follows: 

ESE = 2α · log2

(
1+

β1

β2

OSNR
1+ CSPR

Bref

2R
ESE

)
, (27)

where α, β1, and β2 are 1, 2, and 1, respectively. Equation
(27) is an implicit function. The bisection method can be
used  to  solve  the ESE.  The  theoretical  ESE  limit  mainly
depends on the OSNR and net data rate. To comprehen-
sively evaluate the performance of our proposed scheme,
we also derive the theoretical ESE limit for coherent ho-
modyne detection.

−∞For coherent detection, the CSPR is  dB. As a co-
herent  receiver  mixes  a  local  oscillator  with  a  randomly
polarization-rotated signal, it inherently requires a polar-
ization-diverse  setup.  The ESE of  the  coherent  homo-
dyne detection is expressed as 

ESE =
R/2
B/2

=
R
B
. (28)

Plugging Eq. (28) into Eq. (25), we obtain the theoreti-
cal  ESE  limit  of  the  coherent  homodyne  detection  as
follows: 

ESE = α · log2

(
1+

β1

β2

OSNR
1+ CSPR

Bref

R
ESE

)
, (29)

where α, β1,  and β2 are  2,  1,  and  1,  respectively.  After
substituting α, β1,  and β2 into Eq.  (27) and Eq.  (29),  we
obtain  a  unified  description  of  the  theoretical  ESE limit
of  the  proposed  scheme  and  coherent  homodyne  as
follows: 

ESE = 2 log2

(
1+

OSNR
1+ CSPR

Bref

R
ESE

)
. (30)

Hence,  the  difference  in  the  theoretical  ESE  limit
between  our  proposed  scheme  and  the  coherent
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homodyne detection is attributed to the CSPR. The opti-
cal  carrier  accounts  for  a  proportion  of  the  total  signal
power  but  does  not  carry  any  information,  which  re-
duces the achievable system performance.

Figure 9(a) shows  the  theoretical  ESE  limits  for  the
different  schemes.  Subsequently,  the  ESE  limit  of  the
proposed  scheme  is  normalized  to  the  coherent-homo-
dyne case, as illustrated in Fig. 9(b). To provide a clearer
visual  representation,  we  consider  some  special  cases.
Figure 9(c) depicts  the  normalized  theoretical  ESE  limit
of  the  proposed  scheme  versus  the  OSNR  for  different
net  rates.  As  the  OSNR  increases,  the  theoretical  ESE
limit  of  the  proposed  scheme gradually  approaches  that

of  coherent  homodyne  detection.  The  normalized  ESE
limit is expected to approach 100% if the OSNR is suffi-
cient. Here, the OSNR does not include the carrier pow-
er.  In addition,  as the net rate increases,  the normalized
ESE limit decreases at a fixed OSNR value. The theoreti-
cal derivations of the theoretical ESE limits for the SVR,
KK, and CADD receivers  are  provided in Section 2.1  of
Supplementary information. Performance and cost met-
rics  comparing  coherent  detection  and  DD  schemes  at
200-Gb/s net rate and 30-dB OSNR can be found in Sec-
tion 2.2 of Supplementary information. 

Transmission experiment
To verify the feasibility of the proposed DD receiver with
an optimal transfer function, we conduct a proof-of-con-
cept  experiment  with  a  46-GBaud  64-QAM  signal  over
an 80-km SMF transmission in which a WS is employed
to  construct  the  optimal  transfer  function.  The  experi-
mental setup and DSP flow charts are shown in Fig. 10(a)
and are described in detail in the Methods section as well
as Section 3 of Supplementary information.

Figure 10(b) depicts the optical spectra of the 64-QAM
signal measured at different stages using an optical spec-
trum  analyzer  (OSA)  (APEX  AP2040C)  with  a  resolu-
tion  of  1.12  pm.  The  bandwidths  of  both  the  LSB  and
RSB signals are 23.23 GHz since the signals are digitally
shaped by two root raised cosine (RRC) filters with roll-
off factors of 0.01. A 5.77-GHz guard band is inserted be-
tween the LSB and RSB due to the limited resolution of
the WS. After the WS, the signal suffers from a slight dis-
tortion  near  the  carrier,  which  can  be  attributed  to  the
fact that the amplitude response of the constructed trans-
fer function is not strictly all-pass. Thus, the transmitted
signal will suffer from severe signal distortion and carri-
er  attenuation.  The distortion imposed on the spectrum
of  the  information-bearing  signal  will  decrease  the  BER
performance, which is similar to the degradation effect of
an  imperfect  channel.  When  the  carrier  is  attenuated,  a
larger CSPR is required, which will sacrifice the effective
optical  power  of  the  information-bearing  signal  and  re-
duce the system’s performance. It is possible to achieve a
flat  amplitude  response  with  a  single-frequency  phase
shift by using an all-pass phase filter in silicon-on-insula-
tor38.  We can observe that an increase in the phase shift
leads  to  greater  signal  distortion.  The  inset  at  the  top-
right corner of Fig. 10(b) shows an enlarged view of  the
carrier.  We  can  see  that  approximately  3-dB  and  4-dB
optical attenuations are imposed on the carrier when the
phase shifts  are set to 90° and 110°,  respectively.  Hence,
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the  constructed  transfer  function  using  the  WS  is  not
perfect, as we would prefer it to be.

Figure 10(c) depicts  the  BER  of  the  46-GBaud  64-
QAM signals by varying the CSPR value at optical back-
to-back  (OBTB)  and  after  80-km  transmission.  In  con-
trast to the scenario of a 90°-phase shift, the scenario of a
110°-phase  shift  suffers  from  more  severe  signal  distor-
tion  and  carrier  attenuation,  as  shown  in Fig. 10(b).
These  two  degradations  increase  the  ultimate  BER.  De-
spite these challenges, the BER performance of the 110°-
phase shift is still  better than that of the 90°-phase shift.
Consequently,  we  have  experimentally  verified  that  the

110°-phase shift is more suitable for this system than the
90°-phase shift. In practice, we need to judiciously select
an  appropriate  phase  shift  according  to  the  operating
conditions,  which  can  be  controlled  by  monitoring  the
BER  in  the  receiver  through  a  FEC  chip.  These  results
yield  solid  evidence  to  support  the  theoretical  analysis.
For  both  the  transmission  and  OBTB  cases,  the  opti-
mum CSPR values  are  12  dB,  which  are  the  results  of  a
tradeoff between the SSBI and SNR. At CSPR values low-
er than 12 dB, the signals suffer severe SSBI distortion. A
high  CSPR  contributes  to  better  BER  performance
because the influence of the SSBI distortion is mitigated.
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However,  a  high  CSPR  sacrifices  the  effective  optical
power  of  the  information-bearing  signal,  which  reduces
the  achievable  system  performance.  Consequently,  in-
creasing the CSPR beyond the optimum value leads to an
increase in the BER. In the OBTB case, we use a VOA to
replace  the  80-km  SMF  but  emulate  its  insertion  loss.
The  BER  gap  between  the  80-km  transmission  and  the
OBTB case is mainly attributed to the quantization noise
of  the  DSO  because  the  peak-to-average-power  ratio  of
the  received  signals  is  increased  after  the  80-km  SMF
transmission.  The  recovered  constellation  diagrams  at
the optimum CSPR value are shown in the insets.

We  also  investigate  the  BER  performance  versus  the
received  optical  power  (ROP)  in  the  OBTB  and  80-km
SMF  transmission  cases,  as  shown  in Fig. 10(d).  We
found  that  a −9-dBm  ROP  is  enough  to  reach  the  20%
FEC threshold of 2.4×10–2 in both cases. We successfully
demonstrate 276-Gb/s 64-QAM signal transmission over
an  80-km  SMF  in  a  carrier-assisted  DD  system.  Taking
into  account  the  0.5%  synchronization  sequence  and
20% FEC overhead, we obtain a 228.85-Gb/s net rate (46
GBaud × 6 b/symbol  × 99.5% /  1.2)  and an 8.76-b/s/Hz
net  ESE  (228.85  Gb/s  /  26.12  GHz).  The  proposed
scheme  enables  a  record  net  ESE  per  polarization  per
wavelength on DD transmission beyond a 40-km SMF. 

Discussion
Table 1 compares  the  state-of-the-art  transmission  re-
sults  of  various  DD  schemes.  We  successfully  demon-
strate  a  net  228.85  Gb/s  64-QAM  signal  transmission
over an 80-km SMF with a net ESE of 8.76 b/s/Hz with-
out  probabilistic  constellation  shaping.  Compared  with
our  previous  work  using  a  dispersion  diversity  receiver
in ref.25, we achieve a 15% and 23.9% improvement in the

net rate and ESE, respectively. Moreover, the structure of
the dispersion diversity receiver is simplified by using the
proposed receiver, since only one WS, two PDs, and two
ADCs are required.  In ref.20,  the JSDD receiver achieves
an ESE of 9.2 b/s/Hz, but its transmission distance is 40
km. As stated in ref.39, doubling the transmission reach at
a fixed spectral efficiency is a similar achievement as im-
proving  the  spectral  efficiency  by  1  b/s/Hz  at  a  fixed
reach. A comprehensive metric, denoted 2ESE×Reach, has
been proposed to  compare  optical  fiber  communication
systems40. In terms of this metric, we achieve the highest
2ESE×Reach  per  polarization  per  wavelength  for  DD
transmission.  Besides,  a  WaveShaper  (II-IV 4000A)  was
also  employed  in  the  experimental  setup  of  JSDD.  In
principle, JSDD is similar to CADD because the quadra-
ture  component  is  detected by using delay  lines  in  both
schemes.  Their  theoretical  ESE  limits  are  considerably
lower than that of our scheme, as discussed in Section 2.2
of  Supplementary information. Figure 11 shows a  visual
representation  of  the  state-of-the-art  transmission  re-
sults for the DD systems. The proposed scheme achieves
a  record  net  ESE  of  8.76  b/s/Hz  for  single-polarization
and  single-wavelength  DD  transmission  beyond  40-km
SMF.

Because  of  the  limited  resolution  of  the  WS,  a  large
guard  band  of  5.77  GHz  is  required  in  our  experiment,
which limits the achievable ESE of the proposed scheme.
According to theoretical analysis, only a near-zero guard
band  is  required  at  the  central  frequency  of  the  signal.
Thus, finding a better physical implementation of h(t) is
also  an  important  direction  for  our  future  efforts.  This
may  be  possible  by  leveraging  the  burgeoning  SiP
technology42−45, such as high-resolution phase filter46 and
high  quality  factor  silicon  nitride  resonator47.  A  CMOS

 

Table 1 | Comparisons of the state-of-the-art transmission results per polarization per wavelength on DD systems.
 

Receiver schemes
Baud rate
(GBaud)

Modulation
format

Net rate
(Gb/s)

Receiver bandwidth
(GHz)

ESE
(b/s/Hz)

Reach
(km)

2ESE×
Reach

Constellation
shaping

GS13 40 16-QAM 140 40 3.5 40 452.55 No

KK10 85 64-QAM 432 90 4.8 80 2228.61 No

IM-DD7 200 PAM-16 494.5 100 4.9 0.12 3.58 Yes

CADD17 70 16-QAM 226 36.5 6.2 80 5881.34 No

ASCD26 52 32-QAM 208 29.3 7.1 40 5487.48 No

SVR11 48 64-QAM 223 32.82 6.79 260 28771.8 Yes

DLEDD25 50 32-QAM 199 28.13 7.07 80 10749.1 No
Dual-SSB 32-

QAM41
60 32-QAM 254.3 33.16 7.67 80 16292.59 No

JSDD20 106 64-QAM 520 56.5 9.2 40 23525.34 Yes

This work 46 64-QAM 228.85 26.12 8.76 80 34682.69 No
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temperature control  circuit  can be used to realize wave-
length  alignment  between  the  signal  and  the  filter48.
Compared  with  coherent  detection,  our  proposed
scheme  does  not  require  a  LO  laser  with  bulky  cooling
components,  which makes  it  well-positioned for  full  in-
tegration. In DSP, our proposed scheme does not need a
signal  equalization and carrier recovery algorithm. Note
that  our proposed scheme is  based on a single-polariza-
tion  configuration,  to  further  improve  the  transmission
capacity  and  ESE,  polarization  multiplexing  transmis-
sion  with  two  single-polarization  receivers  can  be  used,
where a controllable polarization rotator and a polariza-
tion beam splitter are needed to split the polarization-di-
vision multiplexed signal16. 

Conclusions
To  approach  the  ESE  of  coherent  homodyne  detection
using  DD,  we  have  derived  an  optimal  DD  receiver  ar-
chitecture  with  the  simplest  design,  which  comprises  a
coupler,  two  single-ended  PDs,  two  ADCs,  and  a  fre-
quency-selective  phase  shifter  with  an  optimal  transfer
function.  By  considering  the  impact  of  both  noise  and
SSBI on system performance,  the optimal  transfer  func-
tion  exhibits  an  all-pass  amplitude  response  accompa-
nied  by  a  phase  response  that  introduces  an  adjustable
phase shift on either the carrier or the information-bear-
ing  signal.  In  practice,  we  need  to  judiciously  select  an
appropriate phase shift according to the operating condi-
tions.  Because  the  null  point  is  not  within  the  informa-
tion-bearing  spectrum,  the  SSBI  enhancement  is  weak.
Only  a  near-zero  guard  band  is  required  at  the  signal’s

central  frequency,  which  contributes  to  the  ESE  of  the
proposed scheme approaching that of a coherent homo-
dyne.  By  invoking  Shannon’s  formula,  we  have  derived
the  theoretical  ESE  limit  for  various  detection  schemes,
which is dependent on the net rate and OSNR. The pro-
posed scheme is closest to the coherent homodyne in the
theoretical ESE limit. The simulation results indicate that
our  proposed  scheme  has  only  an  approximately  1-dB
OSNR penalty at the 25% FEC threshold, compared with
the  coherent  transmission  system.  Compared  to  the
scheme using a dispersive element, the proposed scheme
exhibits a 4.4-dB better OSNR sensitivity at the 25% FEC
threshold  and  reduces  the  BER  by  approximately  three
orders of magnitude at an OSNR of 30 dB.

Furthermore,  we  have  performed  a  proof-of-concept
experiment  by  leveraging  the  WS  to  construct  an  opti-
mal transfer function. Using a 110°-phase shift,  we have
achieved a 228.85-Gb/s net rate and 8.76-b/s/Hz net ESE
by transmitting a 46-GBaud 64-QAM signal in an 80-km
SMF without  probabilistic  constellation  shaping.  To  the
best  of  the  knowledge,  we  report  a  record  net  ESE  for
single-polarization  and  single-wavelength  DD  transmis-
sion beyond a 40-km SMF. For a comprehensive metric
denoted  as  2ESE×Reach,  we  achieve  the  highest
2ESE×Reach  for  single-polarization  and  single-wave-
length  DD  transmission.  We  believe  that  the  proposed
DD receiver with an optimal transfer function may pave
the way for new applications in large-capacity and cost-
effective  data  center  interconnections,  metro  networks,
and mobile backhauls.
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Methods
 

Experimental setup
Figure 10(a) illustrates  the  experimental  setup.  We  gen-
erate  a  46-GBaud  dual-SSB  64-QAM signal  with  an  ap-
proximately  6-GHz  guard  band  (–3  GHz  to  3  GHz)  by
using  a  100-GSa/s  DAC  (MICRAM  DAC10002)  with  a
3-dB bandwidth of 35 GHz. The electrical QAM signal is
amplified  by  two  EAs  (SHF  S807  C)  and  then  used  to
drive an IQM (Fujitsu FTM7992HM) with a 3-dB band-
width of 35-GHz. The IQM is biased at its  transmission
null.  An  ECL  with  an  approximately  15-kHz  linewidth
outputs  a 1550-nm  continuous-wave  light.  The  narrow
linewidth  source  is  employed  due  to  the  length  mis-
match  between  the  carrier  branch  and  the  information-
bearing  signal  branch49.  Such  a  length  mismatch  can  be
avoided in the photonic integrated circuit with an appro-
priate design. The continuous-wave light is split into two
branches. One part is coupled to the IQM to produce an
optical dual-SSB 64-QAM signal, and the other serves as
a carrier. The 64-QAM signal and carrier are then com-
bined to construct a CV-DSB signal using a coupler. The
CV-DSB  signal  in  this  work  is  a  traditional  coherent
QAM  signal  with  a  guard  band.  The  polarization  states
of the QAM signal and carrier are aligned along the axis
of  the  polarizer  by  using  two PCs  and a  polarizer15.  We
adjust  the  CSPR  of  the  CV-DSB  signal  by  employing  a
VOA. After amplifying to 7 dBm with an EDFA, the CV-
DSB  signal  is  launched  into  an  80-km  SMF  spool  for
transmission.

On the receiver side,  the second VOA is  used to vary
the  ROP  of  the  CV-DSB  signal  and  emulate  the  OBTB
case. We use an EDFA to amplify the CV-DSB signal and
an  OBPF  to  reject  out-of-band  noise.  The  DD  receiver
with  an  optimal  transfer  function  is  composed  of  a  PC,
two PDs, and a WS (Finisar WaveShaper 1000s). The PC
is used to align the polarization of the incident signal to
the  polarization  of  the  WS.  The  inset  in Fig. 10(a)
presents  the setup of  the WS. Because the bandwidth of
the  CV-DSB  signal  is  approximately  52  GHz,  we  con-
struct  a  100-GHz  optimal  transfer  function  with  an  all-
pass amplitude response centered at 1550 nm. Here, due
to the limited resolution of the WS, we cannot achieve a
single-frequency phase shift in the experiment. We use a
10-GHz  guard  band,  which  is  slightly  larger  than  the
guard band of the CV-DSB signal. Our goal is to achieve
a fully integrated DD receiver based on low-cost frequen-
cy-selective phase shifter, which can be realized by using

a high-resolution phase filter46 or high quality factor sili-
con  nitride  resonator47.  Finally,  the  electrical  signals  are
captured  by  a  two-channel  59-GHz  DSO  (LeCroy  10-
59Zi-A) operating at 160 GSa/s. 

DSP algorithm
Figure 10(a) shows the  DSP configuration.  In  the  trans-
mitter  DSP  stack,  the  binary  data  is  first  mapped  onto
204800 64-QAM symbols  for  two independent  LSB and
RSB.  The  random  binary  strings  are  constructed  using
the  Mersenne  Twister  algorithm.  Then,  two  RRC  filters
are  used  to  produce  the  corresponding  Nyquist-shaped
LSB and RSB signals at the roll-off factors of 0.01. Next,
we combine the LSB and RSB signals to generate a dual-
SSB 64-QAM signal with a guard band. After resampling
and clipping,  the signal  is  uploaded to the two channels
of the DAC.

In  the  receiver  DSP  stack,  the  captured  two-channel
signals are first synchronized. To realize the field recon-
struction of the CV-DSB signal,  the two-channel signals
are  processed  by  a  deep  CNN  with  the  same  network
structure  as  that  described  in  ref.25.  In  the  deep  CNN,
60% of the data samples are used for training and the re-
maining  40%  samples  for  testing  because  of  the  limited
memory of the DAC. The kernel sizes are set to 19 and 1
for  the  convolutional  layers  and  shortcut  connections,
respectively. After field reconstruction, the CV-DSB sig-
nal  is  decomposed  via  down-conversion  and  a  matched
filter.  We  use  a  2-tap  post  filter  and  an  MLSD  to  sup-
press  the  enhanced  noise50.  One  BER  value  is  averaged
from  four  measurements.  Thus,  the  BER  is  obtained  by
counting  approximately  2×106 bits,  which  are  sufficient
for testing BERs of approximately 10−2.
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