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Impact and Compensation of Electrical-to-Optical
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Abstract—On carrierless phase retrieval (PR) receivers based
on direct detection, bandwidth limitation of electrical-to-optical
(E/O) conversion at the transmitter side (Tx) distorts the modulated
optical signal. In this paper, we propose the Gercheberg-Saxton
(GS)-aided and the data-aided estimation method in order to know
the complex-valued of E/O channel response in the absence of phase
information. Furthermore, we compare four channel estimation
schemes based on the mean square error (MSE) between the
estimated and preset channel response in numerical simulation,
which are generated by combining least mean square (LMS) or
least square (LS) with the proposed GS-aided or data-aided meth-
ods. In order to compensate the distortion from E/O frequency
response, two compensation schemes including pre-equalization
processing at the Tx and post-equalization processing at the Rx are
implemented and compared by simulations and experiments. In
the experiment, we transmit a single-polarization 30GBaud QPSK
signal including a training sequence of 2048 symbols to estimate
the E/O conversion frequency response over 55-km single-mode
fiber (SMF). The received signal is detected by a PR receiver
employing different estimation (LMS/LS) and equalization (pre-
/post-) schemes to compare their performance. The experimental
results demonstrate that all estimation schemes successfully esti-
mate the frequency response in the absence of phase information,
and PR employing pre-equalization with GS-aided-LMS estima-
tion exhibits good robustness, resulting in a received optical power
improvement of 0.69 dB to achieve 20% forward-error correction
(FEC) threshold.

Index Terms—Coherent optical communications, phase
retrieval, equalization.

I. INTRODUCTION

A S THE demand for broadband services continues to
rapidly escalate, high-capacity optical interfaces are un-

dergoing swift transformations in various domains, including
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data-center interconnects [1], metro networks [2], and mobile
front-haul links [3]. In long-reach scenarios, conventional co-
herent detection [4] has asserted its dominance by adeptly
recovering the entire signal field, effectively mitigating linear
impairments like chromatic dispersion (CD), and achieving
heightened spectral efficiency through advanced modulation for-
mats. In contrast, cost-effective direct detection [5] approaches
dominate short-reach applications such as intra-data center in-
terconnects. Direct detection methods, unlike coherent detection
which necessitates interferometric components like a stable local
oscillator, a 90-degree optical hybrid, and optical balancing to
recover the field information. However, simpler direct detection
techniques like on-off keying and PAM4, restricted to accessing
solely optical intensity, cannot match the reach and capacity
prowess of coherent detection. To bolster the reach and ca-
pacity of direct detection systems, advanced direct detection
schemes have been proposed, encompassing solutions such as
the Kramers-Kronig receiver [6], Stokes-space receiver [7],
and transport-of-intensity detection [8]. Despite varying in re-
ceiver/transmitter architectures and digital signal processing
(DSP) algorithms, those capable of comprehensively measuring
the modulated signal field and facilitating equalization neces-
sitate the implementation of a heterodyne detection technique
employing a continuous-wave carrier, typically injected at the
transmitter prior to signal transmission. Here, it is imperative for
the carrier’s amplitude to surpass that of the information-bearing
signal to meet the minimum phase condition [9] for phase recov-
ery. Consequently, a high carrier-to-signal power ratio (CSPR)
emerges, entailing an additional sensitivity penalty. Efforts have
been applied to reduce CSPR [10], [11], [12]; however, the
carrier is still required.

In recent years, carrierless phase retrieval (PR) receivers have
emerged as a simplification to conventional coherent reception
structures. These receivers can effectively measure a wide range
of complex-valued waveforms pertinent to telecommunications,
including Nyquist-shaped Quadrature Amplitude Modulation
(QAM) signals, polarization division multiplexing and mode
division multiplexing signals [13], [14], obviating the reliance on
optical carriers. These carrierless PR receivers demonstrate the
feasibility of complete field recovery by utilizing photodiodes
(PDs) to capture intensity measurements under varying lin-
ear [13] or random [15] projections. Optimization of phases sat-
isfying the projection relationships is subsequently performed.
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Fig. 1. Optical transmission system and carrierless PR receiver based on direct detection.

A single complementary linear projection, harnessed through a
modified Gerchberg-Saxton (GS) algorithm with selective phase
reset and pilot symbols [13], proves sufficient for phase retrieval
in complex-valued signal scenarios. More projections gener-
ally can provide better convergence [15], [16] at the expense
of increased hardware complexity. However, the electrical-to-
optical (E/O) conversion at the transmitter introduces distorted
modulated optical signal. These distortion can happen in the
complex-value domain and needs optical phase measurement
to estimate its corresponded channel response, which cannot
be afforded by intensity-only detection. Taking advantage of the
fact that the phase of the training sequence is known, the response
of the complex-valued channel can be estimated only through
the intensity information, thereby realizing the complex channel
estimation of the PR receiver. Regarding the study of equaliza-
tion of nonlinear impairments of PR systems in higher-order
modulation formats, we have proposed solutions and verified
them experimentally [17].

In this paper, we explore the impact of E/O frequency re-
sponse and its compensation techniques on carrierless PR re-
ceivers. We propose two methods, GS-aided and data-aided,
in the absence of signal phase information, and based on
these, four channel estimation schemes and two equalization
structures are given. In order to study their performance rules
under different frequency response bandwidth limitations and
optical signal-to-noise ratios (OSNRs), we compare these esti-
mation schemes through numerical simulations. In simulation,
we also explore the feasibility of improving PR recovery ac-
curacy through pre-equalization/post-equalization after chan-
nel estimation, and find that pre-equalization is more robust
than post-equalization. In order to further verify the simula-
tion results, we build an experimental platform and compare
different schemes by transmitting a single-polarization carrier-
less 30-GBaud QPSK signal with a roll-off factor β = 0.01.
Experimental results show that, among the four schemes, the
optimal performance is achieved by the pre-equalization scheme
based on GS-aided-LMS method, which improves the received
optical power (ROP) sensitivity by 0.69 dB, and reduces the bit-
error rate (BER) after complete convergence from 6.9× 10−3

to 2.2× 10−3.

II. PRINCIPLE OF THE E/O FREQUENCY RESPONSE ESTIMATION

A. Impact of E/O Frequency Response on PR Receivers

Fig. 1 delineates the optical transmission system employing
PR field reconstruction, encompassing the coherent transmitter
and the carrierless PR receiver based on direct detection. The
coherent transmitter comprises an External Cavity Laser (ECL),
and an IQ-Mach-Zehnder modulator (MZM). The modulated
optical signal, following amplification through the Erbium-
Doped Fiber Amplifier (EDFA), traverses the single-mode fiber
(SMF) link and subsequently interfaces with the carrierless PR
receiver. The carrierless PR receiver is composed of a splitter,
a dispersive element with a dispersion coefficient D, and two
photodetectors (PDs). a(t) is the complex-valued optical field
after transmission and d(t) is the complex-valued optical field
after transmitting over the dispersive element with chromatic
dispersion value of D. |a(t)|2 and |d(t)|2 are intensity measure-
ments. Typical PR receivers employ a GS iteration scheme with
the aid of selective phase reset and pilot constraint to search for
optimum phases. In the context of complex-valued signals like
QPSK, a solitary complementary linear projection serves as a
satisfactory method to recover the phase. After direct detection,
the bandwidth |s(t)|2 enlarges to 2B, where B represents the
bandwidth of the transmitted complex-valued optical signal, and
T signifies the symbol rate. The transmitted complex optical
field is distorted causing by the transmitter as

sd(t) = s(t) ∗ htx(t), (1)

where htx(t) denotes the impulse response induced by the E/O
time response at the transmitter. ∗ denotes the convolution oper-
ator. Given the loss of phase information inhtx(t) resulting from
the direct detection procedure, the straightforward equalization
of optical intensity cannot effectively rectifyhtx(t), which is dif-
ferent from the distortion caused by Optical-to-Electrical (O/E)
frequency response for carrierless PR receivers [18]. Therefore,
it is necessary to design algorithms specialized in complex-
valued channel estimation in the absence of phase information
and equalization schemes to compensate the distortion from E/O
frequency response.
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Fig. 2. Schematic diagrams of the four estimation schemes including the structure of GS-aided method, data-aided method, LMS algorithm, and LS algorithm.

B. E/O Frequency Response Estimation Schemes

For the purpose of estimating the distortion pattern intro-
duced by the transmitter channel when phase information is
unavailable, a training sequence denoted as p(t) is transmitted,
encompassing 2048 training QPSK symbols. It is presumed
that these symbols are pre-known to the receiver. The initial
step entails the recovery of the complete field of the distorted
signal attributed to the E/O frequency response. To this end, two
estimation methods, namely the Gerchberg-Saxton (GS)-aided
method and the data-aided method, have been proposed. These
methods get the estimation of the impulse response denoted as
htx(t) from the distorted training sequence pd(t) as

pd(t) = p(t) ∗ htx(t), (2)

where the GS-aided method uses alternative projection between
two measured intensity waveforms and the data-aided method
combines one measured amplitude waveform with the phase
of p(t). After successfully estimating the distorted training
sequence pd(t), the impulse response associated with the E/O
conversion can be calculated. This process is enabled through the
utilization of both the unaltered training sequence p(t) and the
inferred estimationpd(t), employing either the least mean square
(LMS) algorithm or the least mean square (LS) algorithm. Both
the LMS algorithm [19] and the LS algorithm [20] are integrated
with the proposed estimation method, resulting in the formula-
tion of four distinct estimation schemes: GS-aided-LMS (S1),
GS-aided-LS (S2), data-aided-LMS (S3), and data-aided-LS
(S4). Fig. 2 shows the schematic diagrams of the four estimation
schemes.

1) S1 & S2: As depicted in Fig. 2, the core essence of the
GS-aided estimation methodology revolves around the utiliza-
tion of the Gerchberg-Saxton (GS) algorithm. This algorithm
is harnessed to facilitate the estimation of the distorted training
sequence denoted as pd(t). Subsequently, the LMS algorithm or
LS algorithm is employed to deduce the Electrical-to-Optical
(E/O) frequency response. After fiber channel transmission,
two independent intensity waveforms corresponding to varying
dispersion levels of the distorted training sequence pd(t) are de-
tected by PDs. In conventional GS algorithm [13], the estimated
complex field encompasses amplitude information derived from
measured intensity, combined with a sequence of random phases

serving as the initial approximation. To ensure full convergence
performance, the iteration count is usually set at more than one
hundred. However, given the premise of knowledge about the
training sequence at the Rx, the modified GS algorithm can
employ p(t) as the initial approximation to obtain the estimation
of pd(t), denoted as p̂d(t). Algorithm 1 provides the pseudocode
of the GS-aided method. For the sake of simplicity, we write
the pseudocode in the time domain. Both GS-aided method and
data-aided method are implemented in the frequency domain
using fast Fourier transform (FFT) and its inverse (IFFT). The
amplitude information |ap(t)| and |bp(t)| is computed from the
intensity measurements of the training signals of both branches.
∗ is the convolution operator. hCD(t), hD(t), hBW (t) are,
respectively, the impulse responses of the transmission fiber, the
dispersive element for alternative projection, and a brick-wall
low-pass filter as a signal spectral constraint, whose passband
is B. The computational complexity of the GS-aided method
for each processing block can be estimated asO(NFT log2 T ),
whereN ,F ,T represent the number of iterations required inside
the GS-aided algorithm, the FFT/IFFT operations per iteration,
and the block size.

In scheme S1, subsequent to the estimation of p̂d(t) through
the utilization of the GS-aided method, the estimated impulse
response hest(t) are iteratively updated until convergence is
achieved facilitated by the adoption of LMS algorithm as

hest(t) = h′est(t) + μ · e(t) · p∗(t) (3)

and

e(t) = p̂d(t)− p(t) · hest(t), (4)

where e(t) signifies the error signal which functions as a met-
ric for gauging the convergence status of the LMS algorithm;
h′est(t) represents the tap estimated by the previous iteration
and is initialized to all zeros with the number of taps Ntap; μ
is the step size and set to 1.0× 10−3; p∗(t) corresponds to the
conjugate of p(t). Similarly, we show the pseudo-code flow of
data-aid in Algorithm 2. For S2, the approach differs as LS
algorithm is chosen over LMS algorithm used in S1 to derive
the estimated impulse response hest(t). The channel matrix P
[21] is constructed according to the number of taps Ntap and the
length of the digitized training sequence p(t) which is denoted
as L. The matrix P has a dimensionality characterized by the
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Algorithm 1: Distorted Training Sequence Estimator Based
on GS-aided Method.

1: p̂d(t)← p(t) � Initial approximation
2: p̂d(t)← h−1CD(t) ∗ p̂d(t) � To transmitter
3: for i in N do
4: p̂d(t)← hD(t) ∗ hCD(t) ∗ p̂d(t) � To projection

2
5: p̂d(t)← |dp(t)| exp j∠p̂d(t) � Amplitude

constraint
6: p̂d(t)← h−1D (t) ∗ p̂d(t) � To projection 1
7: p̂d,pre(t)← h−1CD(t) ∗ p̂d(t) � A copy to

transmitter
8: p̂d(t)← |ap(t)| exp j∠p̂d(t) � Amplitude

constraint
9: p̂d(t)← h−1CD(t) ∗ p̂d � To transmitter

10: ErrGS(t)← ||p̂d,pre(t)| − |p̂d(t)||2 � Calculate
Error

11: p̂d(t)← hBW (t) ∗ p̂d(t) � Spectrum constraint
12: p̂d(t)← p̂d(t) ∗

√
E(|p̂d(t)|2) � Power

normalization
13: end for
14: return p̂d(t)

number of rows, which corresponds to Ntap, and the number of
columns, which aligns with L. P is constructed as below

P =
⎡
⎢⎢⎢⎢⎣

p(0) p(1) . . . p(L− 1)

p(−1) p(0) . . . p(L− 2)
...

...
. . .

...

p(1−Ntap) p(2−Ntap) . . . p(L−Ntap)

⎤
⎥⎥⎥⎥⎦
Ntap×L

,

(5)

Correspondingly, the estimated distorted training sequence p̂d(t)
is digitized and transformed into column matrix form as P̂d.
Then the computation of the estimated impulse response hest(t)
is conducted through the following as

hest(t) = P−1P̂d, (6)

where P−1 represents the pseudo-inverse of matrix P .
The LMS algorithm considers the impact of noise while the

LS estimation algorithm ignores it. Therefore, the estimation
error of the LS estimation algorithm will be larger under low
OSNRs [19], [20]. Regardless ofS1 orS2, the GS-aided method
is utilized to perform the iterative training sequence p(t) of the
dual optical field to estimate the distorted training sequence.

2) S3&S4: Rather than employing two intensity waveforms
for the purpose of dual-field iterations, the data-aided method ac-
quires p̂d(t) by iteratively combining the amplitude information
x(t) from a given received waveform with the phase of p̃(k)(t).
Here, the superscript (k) denotes the iteration index, and p̃(k)(t)
results from

p̃(k)(t) = p̃(k−1)(t) ∗ h(k−1)
est (t), (7)

where p̂
(k)
d (t) is updated by

p̂
(k)
d (t) =

|x(t)|∣∣p̃(k−1)(t)∣∣ · p̃
(k−1)(t) (k = 1, 2, . . .,M). (8)

The initial value of p̃(k)(t) is established as p̃(0)(t) = p(t),
and the evolution of h(k)

est(t) is updated through the utilization
of either the LMS algorithm or the LS algorithm, thereby cate-
gorizing the process into S3 and S4. M is the total number of
iterations of the data-aided method, which only requires a single
PD. In this paper, M = 7. Similarly, we show the pseudo-code
flow of data-aid method in Algorithm 2. The computational
complexity of the data-aided method is lower than that of the
GS-aided method, which isO(MF ). M is the number of itera-
tions of the data-aided algorithm andF represents the FFT/IFFT
operations per iteration. In S3, h(k)

est(t) is updated using LMS as

h
(k)
est(t) = h

′(k)
est (t) + μ(k) · e(k)(t) · p̃(k)∗(t), (9)

and

e(k)(t) = p̂
(k)
d (t)− p̃(k)(t) · h(k−1)

est (t) (k = 1, 2, . . .,M),
(10)

where the optimal value of the parameter μ(k) is set at a constant
value of 1.3× 10−3. In the framework of S3, each iteration
of the data-aided method entails the complete execution of the
LMS algorithm. On the other hand, in S4 which employs the LS
algorithm, the estimated E/O impulse response of each iteration
is updated by

h
(k)
est(t) = P̃ (k)−1P̂ (k)

d (k = 1, 2, . . .,M). (11)

Here, the matrix P̃ (k) signifies the matrix derived from p̂
(k)
d (t)

and has a dimensionality characterized by the number of rows
Ntap and the number of columns is L. P̃ (k)−1 denotes the
pseudo-inverse of P̃ (k), and P̂ (k)d is the column matrix formed
from p̂(k)d(t) values. Ultimately, whether in the context of
S3 or S4, each iteration’s estimated impulse response h

(k)
est(t)

is concatenated to construct the complete estimated channel
hest(t) as follows:

hest(t) = h
(1)
est(t) ∗ h(2)

est(t) ∗ . . . ∗ h(k)
est(t)(k = 1, 2, . . .,M),

(12)
Subsequently, the equalization impulse response heq(t) is de-
duced by computing the inverse of hest(t).

We now consider the computational complexity of the four
estimation algorithms. Since the four estimation algorithms are
a combination of the GS-aided and data-aided methods with
the LMS and LS algorithms, and the computational complex-
ity of the GS-aided and data-aided methods has been given
earlier, the complexity of the LMS and LS algorithms also
needs to be considered. For the LMS algorithm, the compu-
tational complexity isO(NtapT log2 T ). On the other hand, the
computational complexity of the LS algorithm is O(NtapL).
Therefore, the computational complexity of S1, S2, S3, and
S4 are O[(NF +Ntap)T log2 T ], O[NFT log2 T +NtapL],
O(MFNtapT log2 T ), and O(MFNtapL), respectively.
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Algorithm 2: E/O Response Estimator Based on Data-aided
Method.

1: p̃(0)(t)← p(t) � Initial value
2: h

(0)
est(t)← δ(t) � Initial guess of E/O response

3: for k = 1, 2, . . .,M do
4: p̃(k)(t)← p̃(k−1) ∗ h(k−1)

est (t) � Calculate
distorted signal

5: p̂
(k)
d (t)← |x(t)| exp j∠p̃(k−1)(t) � Combine

amplitude
6: if S3 then
7: Calculateh

(k)
est(t)with LMS channel estimation

8: else if S4 then
9: Calculateh

(k)
est(t)with LS channel estimation

10: end if
11: end for
12: return p̂

(k)
d (t), h(k)

est(t)

Fig. 3. Simulated MSEs for the schemes versus the number of taps at
OSNR = 30 dB.

C. Simulated Performance of the Estimation Schemes

We simulate a setup for detecting a 30-Gbaud Nyquist-shaped
QPSK signal with a roll-off factor β = 0.01 after 55-km SMF
transmission using a carrierless PR receiver. We employ the ideal
rectangular low pass filter to simulate E/O bandwidth, which is
denoted as Htx and set at 13.5 GHz. We first investigate the
performance of the estimation schemes versus the number of
taps at OSNR = 30 dB and bandwidth = 13.5 GHz as is shown
in Fig. 3. We find that MSE decreases to a minimum value as the
number of taps increases. The optimal number of taps for S1,
S2,S3, andS4under optimal MSE performance are respectively
35, 53, 95, and 89. Data-aided based S3 and S4 employ single
intensity signal to estimate E/O response, contributing to the
larger number of required taps than GS-adied based S1 and S2
to obtain higher estimation accuracy. Consequently, S3 and S4
have better MSE performance at larger taps.

The same training sequence p(t) is applied in each scheme.
We have tried different lengths of training sequences, includ-
ing 2048, 20480, and 204800 symbols, and find no significant
changes in performance. Therefore we choose 2048 for training

Fig. 4. Curves of Htx, Hest, and Heq denoted as the preset frequency
response in simulation, estimated frequency response and equalizer frequency
response.

length. To match the parameters used in the experiment, CD
from 55-km SMF transmission and alternative projection with
the dispersion of 505 ps/nm are used.

The Fourier transforms of hest(t) and heq(t) are denoted as
Hest andHeq , respectively. Curves ofHtx,Hest, andHeq under
the four estimation schemes are shown in Fig. 4. Observing the
plots, it becomes apparent that the Hest of all schemes to some
extent approximate the preset E/O frequency response.

We speculate that the performance of all estimation schemes
is interconnected with the preset bandwidth limitation of E/O
frequency response and the OSNR of the transmission link.
Therefore, we investigate the performance of the four estimation
schemes in simulation under different E/O bandwidth limitations
and OSNR conditions (assuming that the frequency response
bandwidth of the I-channel and the Q-channel are identical),
where the mean square error (MSE) between the estimated
impulse response and the preset impulse response is adopted as
the performance indicator for evaluating the estimation scheme
as shown in Fig. 5(a). As the OSNR of the link increases, the
MSE associated with the four estimation schemes progressively
diminishes. This observation affirms the notion that the OSNR
of the link constitutes one of the key factors influencing the per-
formance of E/O frequency response estimation. The challenge
associated with the estimation of dual optical field channels lies
in the accumulation of magnitude errors within the measure-
ments, consequently impacting the overall estimation efficacy. In
addition, it can be found that with the increase of E/O bandwidth,
the MSE of S1 and S3 decreases more significantly than that of
S2 and S4. Fig. 5(b) shows MSEs for the four schemes versus
OSNRs at E/O bandwidth limitations = 12, 13, and 14 GHz,
respectively. When the E/O bandwidth is 14 GHz, the MSEs
corresponding to the ONSR increase from 12 dB to 30 dB under
S1 and S3 decreases by 7.37 dB and 7.12 dB, respectively,
while the MSE under S2 and S3 decreases by 4.65 dB and
3.48 dB, respectively. Fig. 5(c) shows MSEs for the four schemes
versus E/O bandwidth limitations at OSNR= 18, 24, and 30 dB.
As the predetermined E/O frequency response bandwidth is
expanded, a corresponding downward trend is observed in the
Mean Square Error (MSE) of all four schemes. This behavior
can be attributed to the fact that with a wider E/O frequency
response bandwidth, the estimation of the distorted training
sequence becomes more accurate, consequently enhancing the
overall estimation performance. This observation validates the
notion that the limitation imposed by the E/O frequency response
bandwidth is indeed a crucial factor influencing the estimation
performance of the four schemes. A longitudinal analysis reveals
that MSE of schemes S1 and S3, utilizing the LMS algorithm,
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Fig. 5. Simulated (a) MSEs for the four schemes versus OSNRs and E/O
bandwidth limitations, (b) MSEs for the four schemes versus OSNRs, (c) MSEs
for the four schemes versus E/O bandwidth limitations at OSNR = 18, 24, and
30 dB.

is notably lower than that of schemes S2 and S4, employing the
LS algorithm.

III. PRINCIPLE OF THE E/O FREQUENCY RESPONSE

COMPENSATION

A. E/O Frequency Response Compensation Schemes

Upon successfully estimating the E/O conversion’s frequency
response, the subsequent stage of our research is to design E/O
frequency response compensation schemes based on the result of
four estimation schemes. We present pre-equalization and post-
equalization compensation schemes, positioned respectively at
the Tx and the Rx of the transmission system.

1) Pre-Equalization: Schematic of pre-equalization is
shown in Fig. 6. The fundamental principle of pre-equalization
involves subjecting the electrical signal to be transmitted to
pre-processing through a finite impulse response equalizer [22].
As the frequency response Heq of the pre-equalizer corresponds
to the inverse of Hest obtained from the four estimation
schemes, theoretically the frequency response of the cascaded
pre-equalizer and E/O conversion Htx tends to approach
a constant value. Indeed, the efficacy of pre-equalization

Fig. 6. Schematic of pre-equalization at the transmitter side.

is intricately tied to the estimation performance of each
estimation scheme. Attaining accurate estimation of the E/O
frequency response Heq can significantly enhance the efficacy
of pre-equalization. The pre-equalization scheme offers the
advantage of equalizing the electrical signal prior to its entry
into the optical modulator, ensuring promptness in the process.
However, the drawback lies in the potential escalation of system
complexity at the Tx.

To verify the spectrum recovery achieved by pre-equalization
on electric signals distorted by E/O frequency response, we
conducted simulations to obtain estimation outcomes for the
four proposed estimation schemes. The preset E/O conversion
bandwidth limitations both for the I-channel and the Q-channel
are set at 13.5 GHz. All four estimation schemes are conducted
at 30 dB OSNR. Fig. 7 shows the spectrum comparison of
electric signals before and after pre-equalization. Prior to the
implementation of pre-equalization, the spectrum of the trans-
mitted electrical signal exhibits significant distortion following
the E/O conversion, as compared to the original field. However,
with the introduction of pre-equalization, the spectrum of the
distorted electrical signal is effectively recovered across all four
estimation schemes.

2) Post-Equalization: Algorithm 3 shows the detailed pseu-
docode for the post-equalization scheme. In the post-
equalization scheme, the compensation module is integrated
with the GS algorithm at the Rx. Within the GS algorithm,
complex-valued signals are estimated by amplitude constraint
between the transmitter and two projections iteratively until
the error stops decreasing. Hest and Heq are introduced be-
fore and after pilot constraint at the transmitter plane. The
purpose is to simulate the distortion process of the complex
field signal caused by Htx during the iterative process, so as
to estimate the original electrical signal more accurately Fig. 8.
The post-equalization scheme’s advantage lies in its ability to
achieve E/O frequency response compensation solely through
the enhanced GS algorithm. However, since the improved GS
algorithm iterate the light field between different projections,
the error between the estimated Hest and the actual Htx will
be accumulated, affecting the convergence ability of the GS
algorithm and the performance of phase retrieval. For the sake
of simplicity, we write the pseudocode in the time domain. Both
pre-equalization and post-equalization are implemented in the
frequency domain using FFT and IFFT. Within each iteration,
the estimated field ŝ(t), dual complex field a(t) and b(t) are
operated at two samples per symbol (SPS). At the start of the GS
algorithm, amplitude information |a(t)| and |b(t)| is calculated
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Fig. 7. (a) Spectrum comparison between the original field and the distorted field before pre-equalization; Spectrum comparison between the original field and
the recovered field after pre-equalization under (b) S1, (c) S2, (d) S3, (e) S4, respectively.

Fig. 8. Simulated BERs versus OSNRs (I-channel = 13.5 GHz and
Q-channel = 13 GHz) under (a) S1, (b) S2, (c) S3, (d) S4.

over the measured intensity by square root operation. hest(t),
heq(t) are, respectively, the estimated impulse response and
equalization impulse response of E/O conversion. At the phase
reset process, rand(t) obeys standard normal distribution. The
post-equalization scheme for each processing block provides the
same complexity order of O(NFT log2 T ) with the GS-aided
method.

B. Simulated Performance of the Pre-Equalization and
Post-Equalization

We carry out simulations consistent with the simulation
in Section II-C to characterize the performance of the pre-
equalization and post-equalization. The modified GS algorithm

is operated in a block-wise manner with with a 20% pilot symbol
ratio. The interval for phase reset, K, is set to 5. A is set
to 20 at two SPS of ŝ(t) to make a 10-symbol-wide moving
average for both cases. One hundred blocks with different noise
realizations are used to calculate the BER. We studied the impact
of two factors including OSNR and E/O bandwidth limitation
on the performance of pre-equalization and post-equalization
respectively.

We compare the influence of OSNR on the performance
of pre-equalization and post-equalization based on different
estimation schemes. We preset here that the bandwidths of the
I channel and the Q channel are not identical to simulate the
general situation in the experiment. It is worthwhile to note that
the small difference in the bandwidths of the two channels hardly
affects the estimated performance of the four scenarios. Fig. 8
shows the BERs versus OSNRs (I-channel = 13.5 GHz and
Q-channel = 13 GHz) to achieve a 7% forward-error correction
(FEC) threshold at BER of 4.5× 10−3 under four estimation
schemes. In contrast to the absence of compensation schemes,
both pre-equalization and post-equalization substantially en-
hance the demodulation performance of the system. In the
case of pre-equalization schemes based on S1, S2, S3, and
S4, respectively, the OSNR sensitivity has increased by 9.93,
8.57, 7.74, and 7.15 dB. In the corresponding post-equalization
case, the OSNR sensitivity has increased by 7.77, 5.95, 5.63,
and 5.33 dB, respectively. The simulation results demonstrate
that pre-equalization based on the four estimation schemes
outperforms post-equalization. This is due to the fact that pre-
equalization compensates for impairments before intensity-only
detection, resulting in less accumulated error in GS iterations
than post-equalization. The essence of pre-equalization is to
pre-process the transmitted signal at the transmitter side to com-
pensate for signal distortion caused by the E/O response. The
signal distortion is significantly reduced after pre-equalization,
thus attenuating the noise that enters inside the GS algorithm
at the receiver side and avoiding the increase of the algorithm
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Algorithm 3: Modified PR Algorithm with Post-
equalization.

1: ŝ(t)← |a(t)| exp j∠rand(t) � Initialize phase
2: ŝ(t)← h−1CD(t) ∗ ŝ(t) � To transmitter
3: for i in N do
4: ŝ(tp)← |ŝ(tp)| exp j∠s(tp) � Pilot constraint
5: ŝ(t)← hest(t) ∗ ŝ(t) � Estimated E/O impulse

response
6: ŝ(t)← hD(t) ∗ hCD(t) ∗ ŝ(t) � To projection 2
7: ŝ(t)← |d(t)| exp j∠ŝ(t) � Amplitude constraint
8: ŝ(t)← h−1D (t) ∗ ŝ(t) � To projection 1
9: ŝpre(t)← h−1CD(t) ∗ ŝ(t) � A copy to transmitter

10: ŝ(t)← |a(t)| exp j∠ŝ(t) � Amplitude constraint
11: ŝ(t)← h−1CD(t) ∗ ŝ(t) � To transmitter
12: ErrGS(t)← ||ŝpre(t)| − |ŝ(t)||2 � Calculate

Error
13: ŝ(t)← heq(t) ∗ ŝ(t) � Equalize
14: ŝ(t)← hBW (t) ∗ ŝ(t) � Spectrum constraint
15: ŝ(t)← ŝ(t) ∗√E(|ŝ(t)(t)|2) � Power

normalization
16: if i mod K = 0 then
17: ErrMA

GS (t)← 1
A

∑t+A
n=t ErrGS(n) �

A-sample-wide moving average of ErrGS(t)
18: treset ← {t|ErrMA

GS (t) > μ} � Indentify t
violating the error threshold

19: ŝ(treset)← ŝ(treset) exp j∠rand(treset) � Phase
reset

20: end if
21: end for
22: return ŝ(t)

accumulated error. However, under the post-equalization
scheme, the signals entering the GS algorithm are still distorted
and need to be continuously equalized during the algorithm
iterations, which leads to an increase in the algorithm accu-
mulated error. On the other hand, whether it is pre-equalization
or post-equalization, the diminished OSNR penalty observed in
schemes S1 and S3, which rely on the GS-aided estimation
method, is more pronounced compared to schemes S2 and
S4, which are based on the data-aided estimation method. In
addition, S1 and S2 based on the LMS algorithm are better than
S3 and S4 based on the LS algorithm.

Additionally, we conducted an investigation into the influence
of diverse E/O frequency response bandwidth limitations on the
performance of pre-equalization and post-equalization based on
the four estimation schemes, all under an OSNR of 28 dB.
Fig. 9 shows the BERs versus frequency response bandwidth
limitations to achieve a 7% FEC threshold. As we can see, two
compensation schemes significantly reduce the E/O bandwidth
penalty, thereby mitigating the dependence of carrierless PR
receivers on the E/O bandwidth limitation. In the case of pre-
equalization schemes based onS1,S2,S3, andS4, respectively,
the bandwidth sensitivity is improved by 0.76, 0.36, 0.54, and
0.34 GHz. In the corresponding post-equalization case, the
bandwidth penalty is reduced by 0.44, 0.26, 0.38, and 0.22 GHz,

Fig. 9. Simulated BERs versus frequency response bandwidth limitations
under (a) S1, (b) S2, (c) S3, (d) S4 schemes.

respectively. Indeed, even when the E/O bandwidth is low,
pre-equalization demonstrates superior robustness compared to
post-equalization, owing to its independence from link noise
during the pre-equalization process. Besides, LMS-based algo-
rithm perform more E/O bandwidth sensitivity than LS-based
algorithm. GS-aieded schemes have reduced penalties compared
with their date-aided counterparts. To sum up, simulation results
of the performance of the pre-equalization and post-equalization
reveal the dependence of carrierless PR receivers on OSNR
and E/O bandwidth limitations can be effectively reduced by
employing the proposed compensation schemes.

IV. EXPERIMENTS

A. Experimental Setup

In this section, we experimentally validate the performance of
the proposed E/O frequency response estimation and compen-
sation schemes. The experimental setup for detecting a single-
polarization carrierless 30-GBaud QPSK signal using the PR
receiver is shown in Fig. 10. In the experiment, an external cavity
laser with a linewidth of 100 kHz at 1550.06 nm was modu-
lated by an in-phase and quadrature Mach—Zehnder modulator
(IQ-MZM). The digital-to-analog converter (DAC) operating at
60 GSamples/s generated a Nyquist-shaped 30-GBaud QPSK
signal (roll-off β = 0.01) with a length of 217 samples. For
Scheme 1: pre-equalization, an FIR pre-equalizer is applied to
the data loaded into the Digital to Analog Converter (DAC) to
compensate for the distortion from the E/O frequency response,
consistent with the process in Section II-C. A span of 55-km
SMF was used for transmission, providing 885.5 ps/nm accumu-
lated dispersion at the Rx. Two EDFAs are set at both ends of the
55-km fiber span. We use the optical filter with a 3-dB bandwidth
of 1.2 nm to filt out out-of-band noise. Within the PR receiver,
the optical field was split into two by an asymmetric optical
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Fig. 10. Experimental setup for transmission over 55-km SMF including pre-equalization and post-equalization.

splitter to compensate for the insertion losses of the dispersive
element with 505 ps/nm, used for alternative projection. The
optical power entering the dispersive element is approximately
4 dBm. After direct detection, both optical intensity signals are
sampled by a digital sampling oscilloscope and undergo digital
resampling to two SPS as |a(t)|2 and |d(t)|2. Due to practical
limitations in the bandwidth of the PDs, frequency response
compensation is conducted on the two intensity signals [18].
After digital signal prepossessing, two amplitude waveforms of
s(t), namely,a(t) andd(t) are generated and sent to the modified
GS algorithm. The experimental system uses a 20% pilot symbol
ratio and the Rx employs the pilot symbol constraint. CD
and −CD stand for the dispersion coefficient of fiber channel
forward and backward propagation, respectively. For Scheme 2:
post-equalization, the modified GS algorithm is combined with
the estimation impulse response and the equalization response,
consistent with the pseudocode in Section III-A.

B. Experimental Results

Before validating the performance of the two compensation
schemes, we initially estimate the E/O frequency response band-
width in the experiment. A training sequence consisting of 2048
training QPSK symbols is transmitted. The OSNR at the Tx
measured by a spectrometer is 30 dB. The ROP of two intensity
signals is measured after two PDs and set at 3 dBm. In order to
suppress the distortion caused by the O/E frequency response
of the Rx, we estimate and equalize the frequency response of
the two PDs at the Rx, which is also our main work in [18].
Estimated E/O normalized power frequency response is shown
in Fig. 11(a). The measured optical spectra at Tx is given in
Fig. 11(b). It can be find that the estimated amplitude-frequency
response envelope tends to be consistent with that of the spec-
trum. Fig. 11(c) and (d) present the estimated normalized power
phase frequency response under four estiamtion schemes. The
flatness of both the spectrum and phase profiles within the signal
bandwidth suggests that the dispersive element introduces only
negligible distortion.

Fig. 12 shows the measured BER versus ROP for pre-
equalization and post-equalization under (a) S1, (b) S2, (c) S3,
(d) S4 in the experiment. We adjust the pump power of EDFA at

Fig. 11. (a) Estimated E/O normalized power frequency response. (b) Mea-
sured optical spectra. Estimated normalized power phase frequency response
under (c) S1, S2 and (d) S3, S4.

the Rx to obtain different ROPs. It can be seen that to reach the
20% FEC threshold (BER = 2.2× 10−2), both pre-equalization
and post-equalization have reduced the dependence on the ROP
comparing to without any compensation schemes. In the case of
pre-equalization based on the S1, S2, S3, and S4, respectively,
the ROP sensitivity has increased by 0.69 dB, 0.34 dB, 0.51 dB,
and 0.42 dB. In the corresponding post-equalization case, the
ROP sensitivity has increased by 0.42 dB, 0.17 dB, 0.32 dB,
and 0.07 dB, respectively. In low ROP scenarios, the perfor-
mance improvement of pre-equalization is more noticeable than
that of post-equalization, further confirming the robustness of
pre-equalization. The GS-aided estimation algorithm exhibits
a clear performance advantage over the data-aided algorithm,
especially in scenarios with higher ROP, such as 3 dBm ROP.
Moreover, the LMS-based algorithm outperforms the LS-based
algorithm, confirming that the LMS algorithm is better suited
for channel estimation.

Fig. 13 shows the measured BER versus the number of
iterations for (a) pre-equalization and (b) post-equalization
based on four estimation schemes at 30 dB OSNR. In com-
parison to the absence of any compensation scheme, both pre-
equalization and post-equalization lead to a reduction in BER
of PR receiver demodulation. For both compensation schemes,
S1 based on the GS-aided estimation method and the LMS
channel estimation algorithm demonstrates the most significant
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Fig. 12. Measured BER versus ROP for pre-equalization and post-equalization
under (a) S1, (b) S2, (c) S3, (d) S4.

Fig. 13. Measured BER versus the number of iterations for (a) pre-equalization
and (b) post-equalization based on four estimation schemes at ROP values of
3 dBm.

performance improvement among the four estimation schemes.
In the case of pre-equalization and post-equalization, S1 reduce
the BER after full convergence from 6.9× 10−3 to 2.2× 10−3

and 3.1× 10−3, respectively. To reach 7% FEC threshold level,
S1 has a fastest convergence speed and take only 230 and 270
iterations under pre-equalization and post-equalization, respec-
tively. S3 shows a similar performance to S1 after convergence
while S2 and S4 based on the LS algorithm show slightly
inferior performance. Furthermore, it is worth to note that pre-
equalization shows more desirable performance improvement.
Fig. 14 shows the constellations for the demodulated QPSK
signal (a) without compensation, with (b) pre-equalization and
(c) post-equalization at ROP values of 3 dBm. The compen-
sation outcomes achieved through estimation scheme S1 are
the most favorable, indicating the superior performance of the
GS-aided estimation method compared to the data-aided esti-
mation method, as well as the superiority of the LMS-based
channel estimation algorithm over the LS-based channel estima-
tion algorithm. Moreover, regardless of the estimation scheme

Fig. 14. Constellation for the demodulated QPSK signal (a) without com-
pensation, with (b) pre-equalization and (c) post-equalization at ROP values of
3 dBm.

used, pre-equalization demonstrates higher robustness under
conditions of low OSNR and low E/O bandwidth limitations.

V. CONCLUSION

In this study, two estimation methods named GS-aided and
data-aided are proposed in order to know the complex-valued
E/O channel response in the absence of phase information.
Two channel estimation algorithms including LMS and LS are
combined with the proposed GS-aided and data-aided methods
respectively to form four estimation schemes. Furthermore,
two compensation schemes named pre-equalization and post-
equalization perform at the transmitter side and the Rx re-
spectively are implemented and compared by simulations and
experiments. Simulation results validate the improved OSNR
and bandwidth sensitivity using proposed methods. We and ex-
perimentally transmit a training sequence consisting of training
QPSK symbols to estimate the E/O conversion frequency re-
sponse under four estimation schemes, results show all schemes
successfully estimate the frequency response in the absence of
phase information. To verify the performance of the compensa-
tion schemes, a single-polarization carrierless 30-GBaud QPSK
signal is experimentally detected and recovered using the PR car-
rier employing proposed pre-equalization and post-equalization.
The experimental results demonstrate that pre-equalization ex-
hibits greater robustness compared to post-equalization. Pre-
equalization based on GS-aided-LMS method reduce the BER
from 6.9× 10−3 to 2.2× 10−3 after full convergence at ROP
values of 3 dBm. Our research demonstrates that the perfor-
mance of PR receivers have potential to be further improved once
they know information about channel impairments induced by
the transmitter, regardless of measuring the phase. As no signal-
carrier beating is required in the detection process, carrierless
PR receivers could be an attractive solution to be employed in
short-reach applications such data-center interconnects in the
future. The next phase of our work is to conduct real-time
performance testing of the proposed estimation and equalization
scheme to further explore its robustness in a real-time signal
processing environment.
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