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DC Restoration by Data-Aided Sequence in
Kramers-Kronig Receiver

Zhonghan Su, Jiasi Yang, Jingcan Ma

Abstract—In recent years, Kramers-Kronig (KK) receiver has
been widely studied because of its simple structure and the ability
of digital signal processing (DSP) to recover complex value sig-
nals. One practical structure is detecting the optical signal with
an AC-coupled photodetector. However, the direct current (DC)
component of the photocurrent will be lost, in which case the KK
algorithm ceases to be effective. To restore the lost DC component,
we propose a simple data-aided method to estimate the DC compo-
nent by the information of signal mean power stored in the designed
data-aided sequences. We introduce a correction coefficient to
evaluate the accuracy of our DC estimation by comparing it to the
conventional DC sweeping method. Furthermore, the coefficient
can be used to combat the DC estimation deviation. We carry out
both simulations and experiments to study the performance of the
proposed method. The results show that the DC component can
be effectively recovered and the system performance is close to
the results of the DC sweeping method. At the same time, in the
case of low optical signal-to-noise ratio, optimization of correction
coefficient can effectively improve the system performance.

Index
processing.

Terms—Kramers-Kronig receiver, digital signal

1. INTRODUCTION

ITH the rapid growth of Big Data and Cloud Comput-
W ing, researchers are focusing more on the communi-
cation between data centers [1]. Generally, the distances be-
tween two data centers are within 100km, and the cost-effective
direct-detection (DD) method is preferred. Besides, the growing
demand for transmission capacity and the limited bandwidth
require higher-order modulation formats, such as quadrature
amplitude modulation (QAM). However, QAM single sideband
(SSB) signals will suffer from signal-signal beat interference
(SSBI) after DD, because it has multiple amplitudes and the
SSBI is no longer a constant but varies as the signal amplitude
changes. We only consider SSB signals here because double
side-band (DSB) signals after fiber transmission will have a
frequency-dependent loss in the DD receivers. Traditionally
the SSBI is mitigated by transmitting the SSB signal with a
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large carrier-to-signal power ratio (CSPR) or introducing a large
protecting interval, which is two times the signal bandwidth
at least. A large CSPR will increase the fiber nonlinear effect
with the same signal power, or reduce the signal quality with
the same overall power, while a large protecting interval will
significantly reduce the spectrum efficiency. KK receivers have
attracted much attention because of their ability to recover the
complex-valued signal by using a single photodetector (PD)
and eliminating SSBI without a large CSPR at the same time
[2], [3]. Compared to the conventional coherent receiver, KK
receivers do not need balanced PDs, thus the cost is much lower.
Studies on the KK receivers have solved some practical problems
[4]-[9]. KK receiver shows its advantages and competitiveness,
especially in short-haul communications [10]-[15]. KK receiver
needs the signal to meet the requirement of the minimum phase
(MP) condition, and the optical signal is generally transmitted
with the carrier with enough power. After square-law detection
at the PD, there will be a large DC component in the electrical
signal, resulting in a lower ratio of the payload signal and may
introduce unwanted bias offset to the subsequent circuits. An
AC-coupled PD is preferred to eliminate the DC component
in such a situation [6]. For example, with AC-coupled PD, the
output photocurrent without DC component can fully utilize
the linear region of a regular electrical amplifier. However, the
DC component is indispensable in the signal recovery algorithm
in KK receivers [4]. How to restore the lost DC component
becomes a problem.

There are several methods to estimate the DC component after
the AC-coupled PD [3]-[6]. One simple way is to try all the
possible values of the DC component and make judgments based
on the bit-error ratio (BER) or error-vector magnitude (EVM)
[3], which can achieve a wonderful BER performance but may
cost much time. Another method is proposed in [4]. In this
method, the CSPR of the signal is known before transmission,
and the DC component is guessed based on this information.
After signal recovery, the DC component is adjusted according to
the system performance. A zero-light-padding method for SSB
signal with a virtual carrier is proposed in [5]. It estimates the DC
component directly from the zero preambles, which is effective
and simple to apply. A simple one-step method is proposed in
[6], the DC component is estimated by measuring and utilizing
the statistical information of the electrical signal after square
detection with the help of zero-padded preambles inserted at the
beginning of the signal frame.

In this letter, we propose a simple data-aided method to
estimate the DC component with data-aided sequences. The
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data-aided method has been widely used in equalizations
and synchronizations [16], [17]. Typically, these data-aided
equalization or synchronization methods require a long training
sequence to estimate the channel response and compensate
for channel penalties. In these methods, the detailed phase
information of the sequence is fully used. Our proposed
data-aided method utilizes the information of the signal power
without recovering the detailed information of the sequence.
By designing data-aided sequences, the information of signal
mean power and the carrier amplitude can be stored and can
be recovered by simple calculations. Data-aided method does
not require the receiver to know any prior information about
the CSPR of the transmitted signal. The receiver only needs the
information of the length of the designed sequence. Furthermore,
itis unnecessary to repeat calculating BER or EVM by iteratively
updating the estimation based on the BER or EVM performance.
Our method has simple and flexible principles. We carry out
both simulations and experiments to show its effectiveness.
Compared to the traditional sweeping method, our method has
similar performance but the time required is greatly reduced.

II. PRINCIPLES

Kramers-Kronig receiver requires the SSB signal to be trans-
mitted with a carrier, which should be large enough to meet the
MP condition that KK algorithm requires. Ignoring the noise
issues, the optical SSB signal can be expressed as

E(t) = C + 5(t) = C + A(t)e I Bte®] (1)

Where C' represents the optical carrier, B, A(t) and ¢(t)
represent the bandwidth, amplitude and phase of the payload
signal S(t). To meet the MP condition, C'is supposed to be larger
than A(t). The photocurrent generated by the AC-coupled PD
with DC component suppressed can be expressed as

I(t) = |[E(t)]* - Ppe
= C? + 20A(t) cos [n Bt + p(t)] + A(t)?> — Ppc, (2)

Ppo = Po + A(t)*. 3)

Here Pp ¢ denotes the suppressed DC component, P denotes

C? and A(t)” denotes the average of A(t)2. We rewrite A(t)” as
Ps. In a typical KK receiver with DC-coupled PD, the detected
SSB signal can be recovered by

1 *log[I(t')+ P
9(t)=§p.v.[ 2slte) + Pocl

r(t) = {,/I(t) ¥ Ppoel®® — c} emimBt, )

It can be seen that the DC component is essential in KK
receivers. However, with the AC-coupled PD, the Pp¢ is lost. To
successfully recover the SSB signal, the Pp ¢ has to be estimated
and restored before utilizing the KK algorithm.

The value of the Pp¢ is actually a kind of power information,
and we can put it on the power of the transmitted signal. In
the proposed scheme we store the information of the Pp¢ in
two data-aided sequences. The two sequences have different

constant moduli. The first sequence has a modulus of @ V/ Ps ,

dt’, “

oo
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and the second sequence has a modulus of g \/P:s . Thus, one
data-aided sequence has a constant power of 1.5 times of Pg and
another one has that of half of Pg. It is reasonable to assume that
the data-aided sequence does not influence the Pg, because the
total length of the sequence is generally short compared to the
transmitted payload signal. After detected by AC-coupled PD,
the generated photocurrent of two data-aided sequences can be
expressed as

I,(t) = \/6PsC cos [t Bt + ¢(t)] + %PT;, (6)

I1(t) = \/2PsC cos [t Bt + ¢(t)] —%P75 (7

The phase in the cosine function is designed to be stochastic,
which is generally satisfied when the sequence contains enough
symbols, and the mean value of the cosine issues in photocurrent
can be regarded as zero. The phases of the sequence symbols
should be evenly distributed between 0 and 2 7 , to make sure
the mean of the first item is 0.

By measuring the value of I;(¢) and I(¢), we can estimate
the value of Pg as

_ — 1— 1
I (t) = \/6PsC cos [r Bt + o(t)] + §Pg = in, 3)

__ — 1— 1—
I1(t) = \/2PsC cos [r Bt + ¢(t)] — §Ps = *§PS, )

Ps = Li(t) = Ix(2).

(10)

Furthermore, the DC component P contributed by carrier C
can be deduced from formula (6), by conducting the square of
the first term on the right, as:

(Il(t) - ;PS> = 3PsPc (1 +cos[2(xBt+ ¢(t))]) -
(11

Also, from formula (7), we have:

2
(12(t) + ;PS> = PsPc (1 + cos [2(xBt + ¢(t))]). (12)

Therefore, Pc can be estimated by

7~ 1O =3P — (L) + 375)°
2P5

(13)

With the estimation of Pg and Pr, we can retrieve the received
payload signal r(¢) by KK algorithm

. = log [1(#) +Ps + e |
o(t) = %p.v./ioo o

() = {\/I(t) + D5 + Poe®® — \/PAC} eimBt(15)

Therefore, once we have received the data-aided sequence I
and I», we can use equation (10) to estimate Pg, and then use
equation (13) to estimate the Pe.

The theoretical analyses above are under the assumption that
there is no noise and no other system distortion. To evaluate

dt’, (14)
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the accuracy of our proposed method in a practical system, we
define a coefficient .

ﬁzax(l%+?s). (16)

Here P represents the estimated Pp¢ after correction. By
sweeping the value of o, we essentially sweep the Pp¢. So, we
can find out the optimal power estimation to apply, the deviation
between estimation and the optimal value, and how the deviation
influences the system performance.

III. SIMULATIONS AND EXPERIMENTS
A. Simulations

We first carry out simulations to verify our principles. The
symbol rate is 3 GBaud, which is the same as the subsequent
experiments. In the simulation, the higher symbol rate only
affects the performance of OSNR, and there is little difference in
the accuracy of the proposed method. The pulse shaping here is
root-raised cosine with a roll-off factor of 0.1. We also introduce
a gap to avoid overlapping after the square-law detection at
PD. The gap here is defined as the difference between the
carrier frequency and the edge of the signal spectrum under
an ideal roll-off factor equal to zero. The roll-off factor does
not influence the accuracy of our proposed method, but the gap
should be large enough for the bandwidth after pulse shaping.
The data-aided sequence here consists of two const ampli-
tude zero auto-correlation (CAZAC) sequences with different
amplitudes as in principles. CAZAC sequences are generally
used for synchronizations and equalizations [16], [17]. As we
mentioned in the principles, the detailed information in the
sequences is not essential to our estimation method, as long
as the sequences satisfy the principle. Therefore, if a data-aided
equalization method is used, our method can be easily applied by
utilizing the existing CAZAC sequences. However, if data-aided
equalization is adopted, it generally acquires a sufficiently long
sequence to do channel estimation, which is much longer than
the sequence that our method requires. The effects of different
lengths of data-aided sequences on the efficiency of data-aided
equalization [17] are investigated. The optical signal noise ratio
(OSNR) here is 20 dB and the CSPR is 10 dB. Here the OSNR
is defined as the ratio of the total power, which contains the
carrier power and the payload signal power, to the noise power
with the resolution of 0.1 nm. The equalization performance is
evaluated by error vector magnitude (EVM), and the results are
represented in Fig. 1. As Fig. 1 shows, the data-aided equal-
ization method converges when the data-aided sequence has
an adequate length. The length that our DC estimation method
requires is much shorter compared to the length that equalization
requires. After convergence, the data-aided equalization shows
similar performance as blind equalizations, such as constant
modulus algorithm (CMA), multi-modulus algorithm (MMA),
and decision-driven least mean square (DDLMS) [18], [19]
does. We utilize blind equalizations in later simulations and
experiments.

We also compare our method to the existing zero-padding
method [6]. We estimate the accuracy of the zero-padding
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Fig. 1.  Simulation results of data-aided equalization method with different

lengths of data-aided sequences. The dashed line represents the EVM that the
equalization converges.

method and the data-aided method, the estimation error is de-
fined as

P— Ppc

17
Prc 7)

error =

Here the Ppc is calculated before wiped out by the AC-
coupled PD and P is the estimation. The OSNR here is 20 dB
and the CSPR is 10 dB. The same blind equalization method is
utilized in two estimation methods. We calculate the absolute
values and the variances of estimation errors under the same
symbol length that participates in the algorithm. The results
are shown in Fig. 2. Compare to the zero-padding method, the
data-aided method shows better performance on the mean value
and the variance when the sequence is shorter, which verifies the
accuracy and stability of our proposed method.

We also investigate the system performance with the proposed
data-aided DC estimation method. The data-aided sequence
consists of two kinds of CAZAC sequences with different am-
plitudes and its length is 1024, which is about 2% of the total
length. Fig. 3 shows the simulation results 16 QAM signals with
different CSPRs and OSNR with constant optical power and
ideal PD. By varying the CSPR and OSNR, the percentage of
payload signal power in overall power is adjusted. Since the BER
becomes extremely small when OSNR is high, we evaluate the
quality of the signal by EVM. By sweeping different values of
«, we equivalently adopt the traditional DC sweeping method to
find out the optimal value with which the system has the lowest
EVM. We define the results with o equal to 1 as the results of the
proposed data-aided method. The lowest EVM with optimal «
as the sweeping results. Also, we record the EVMs with different
« applied to find out the tendency.

In Fig. 3(a), the standard results of 16QAM signals are repre-
sented by the solid lines and the improved results are the dashed
lines. The two lines are so close that there is nearly no difference
when OSNR is low, and a little degradation within 1% can be
obtained when OSNR is higher. Under a constant overall power,
higher CSPR means lower payload signal power. When OSNR is
low, alower CSPR can improve the system performance because
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Fig.2. Comparison of zero-padding method and data-aided method. (a) Mean

of the absolute value of the estimation error. (b) the variance of the estimation
eITor.

it provides more signal power. While with a higher OSNR, such
improvement is not evident, which is also shown in Fig. 3(b) and
3(c). The difference of EVM between CSPR equal to 6 and 12
is about 7% when OSNR is 22 dB, and about 3% when OSNR
is 30 dB. Besides, the tendency of EVM over o under OSNR
equal to 30 dB is similar to that under OSNR equal to 22 dB.
The estimation performance varies more violently when CSPR
is low and becomes flat as CSPR grows higher. In a practical
system, a slightly higher CSPR is more preferred as it provides
a larger redundant space for DC component fluctuations. The
optimal « appears around 1 under two different OSNRs, and the
deviation of « is less than 2%, indicating the accuracy of our
method. Also, the EVM penalty from our estimation is negligible
compared to the results of the traditional sweeping method, and
it is unnecessary to sweep « for performance improvement.

B. Experiments

Transmission experiments have been conducted to evaluate
the performance of our proposed method. The transmission
experiment setup is illustrated in Fig. 4. A 3 GBaud 16-QAM
data sequence is first generated, and the designed data-aided
sequence is added before the payload data sequence. The length
of the data-aided sequence is 1024 as we applied in simulations.
An analog signal is generated by using an arbitrary waveform
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Fig.3. Simulation results of I6QAM signals. (a) EVMs under various CSPRs

and OSNRs. Solid lines are the results of proposed method and dashed lines are
the results of the sweeping method. (b) EVMs with different o applied, where
OSNR is 22 dB. (c) EVMs with different o applied, where OSNR is 30 dB.

generator (AWG) operating at 12 GSa/s and fed to an 1Q
modulator after introducing a 1.8 GHz offset by AWG. The
roll-off factor here is 0.1 and there is a gap of 300 MHz due
to the frequency offset as in simulations, which is 10% of the
bandwidth. Both tunable CW lasers operate at 1550 nm with
100 kHz linewidth. One for the modulation, the other serves as
the carrier. If only one laser is utilized to form the SSB signal,
a typical method is to control the carrier power by adjusting
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Fig.4. Experiment setup. In the back-to-back scenario, the EDFA and the fiber
are not adopted. VOA: Variable optical attenuator. AWG: Arbitrary waveform
generator. 1Q Mod: 1Q modulator. PMOC: Polarization-maintaining optical
coupler. EDFA: Erbium-doped fiber amplifier. EA: Electrical amplifier. DSO:
Digital storage oscilloscope.

the bias of the modulator. In such conditions, the signal cannot
make full use of the linear area of the modulator. To cover the
linear area as much as possible to improve the signal SNR after
modulation, the signal is modulated at the carrier suppression
point, and the carrier is provided by another laser. We use
AWG to introduce the frequency gap instead of tuning the laser
because AWG can provide a more accurate frequency offset.
The two beams combine to form the desired optical SSB signal,
whose CSPR can be adjusted by the variable optical attenuator
(VOA) after laser2. The optical spectrum schematics before and
after the polarization-maintaining optical coupler (PMOC) are
also shown in Fig. 4. After the confluence, the SSB signal is
transmitted and directly detected by an AC-coupled PD with a
responsivity of 0.65 A/W in the back-to-back scenario. In a fiber
transmission scenario, the optical signal is first amplified by an
erbium-doped fiber amplifier (EDFA), then goes into the single-
mode fiber (SMF) and is detected by the same AC-coupled
PD. The electrical signal generated by PD is then amplified by
an electrical amplifier (EA) and captured by a digital storage
oscilloscope (DSO) working at 80 GSa/s. Then the digital signal
generated is sent to the digital signal processor (DSP), whose
diagram is also shown as an inset in Fig. 4. The digital signal is
first resampled, and the beginning is found by correlation peaks
utilizing CAZAC sequences. Then the DC component recovery
method we proposed is adopted. The DC component restored
is used for the later KK algorithm. After the KK algorithm, the
recovered signal goes through blind equalizations mentioned
before and a single-stage blind phase search (BPS) algorithm
for carrier phase recovery. Then the frame synchronization is
adopted. At last, the EVM and BER are evaluated.

We first investigate the system performance versus OSNR.
The OSNR is controlled by introducing extra noise with the
help of an EDFA without input laser as Fig. 5(a) shows. The
OSNR is measured by a spectrometer. The CSPR is set to 10 dB
and the optical power is enough. The definition of legends is the
same as it in simulations.

As Fig. 5(b) shows, our method has similar performance
compared to the simulation results, only with a penalty of
several dBs. The solid line representing the EVM evaluated with
our proposed method is very close to the dashed line representing
the lowest EVM evaluated with the sweeping method. It shows
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Fig. 5. Experiments on OSNR. (a) Control setup. (b) EVMs under various
OSNRs. CSPR here equals to 10 dB. Solid lines are the results of the proposed
method and dashed lines are the results of the sweeping method.
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Fig. 6. Back-to-back experiment results. (a) BERs under different received
signal power and CSPRs. Solid lines are the results of the proposed method and
dashed lines are the results of the sweeping method. (b) BERs with different cv
applied under different received power and CSPR equals 6 dB here.

that even under a low OSNR, the deviation of the EVM is nearly
negligible, and a larger penalty only appears when OSNR is very
low.

We then investigate the BER performance of different CSPRs
and received optical signal power in the back-to-back scenario.
The CSPR is controlled by adjusting the VOA after the laser2,
and the overall power is suppressed by another VOA before the
AC-coupled PD to test the receiver sensitivity. The VOAs both
work under the constant power method for a stable performance.
Also, we find out the optimal « as in simulations by sweeping
« and comparing BERs. Here we use BER instead of EVM to
represent the system performance. The back-to-back results are
given in Fig. 6. The definitions are the same as in simulations.

Fig. 6(a) shows the BER performance of the transmission
system under different CSPRs and received optical signal power.
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Fig. 7.  Fiber transmission results. (a) BER performance after 80km transmis-

sion. Solid lines are the results of the proposed method and dashed lines are the
results of the sweeping method. (b) BERs with different alphas applied under
CSPR = 6 dB.

We mainly focus on the situation where the BER is about
3.8 x 1073, Solid lines are the results of our proposed data-
aided method and the dashed lines are the results of traditional
sweeping method. The BER is about 3.8 x 1072 when the
optical power is around —11 dBm and CSPR is 10 dB. With
a constant overall power, higher CSPR means lower payload
signal power. When optical power is low, a lower CSPR is
preferred because it provides more useful power. While with a
higher optical power, a higher CSPR performs better as it benefits
the outer ring of 16-QAM. Fig. 6(b) shows the trend of BER
with coefficient a. The « has a similar tendency to simulation
results, but deviates more from 1, due to the more complicated
environment of experiments compared to simulations. A lower
received optical power prefers a larger «, because higher DC
value helps to suppress the phase jumps [6]. The estimation error
of avbased on the data-aided method is within a tolerable range of
about 10% even when the received optical power is insufficient.
With comparatively sufficient optical power, the deviation of
« becomes smaller and it is about 3% when the received optical
power is —9 dBm. Fig. 6(b) also shows that by correcting the
estimation with optimal «, the system performance is further
improved when the optical power is insufficient. However, with
sufficient signal power, the estimation by our proposed method
is accurate enough.

We also test our proposed data-aided method with various
CSPRs after 80 km transmission. The signal after PMOC is first
amplified by an EDFA to 9 dBm, then goes through SMF and
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is detected by an AC-coupled PD. The received optical power
is about —9 dBm. We compare the BER performance to the
sweeping method by sweeping « as we did in back-to-back
situations. The results after transmission are exhibited in Fig. 7.
In Fig. 7(a), the solid line representing the results of data-aided
method is close to the dashed line that represents the results of the
sweeping method. Such Ber performance is accordant to that in
the back-to-back scenario, only with a reasonable degradation.
The o has a deviation of about 5% compared to the optimal value
from the sweeping method as Fig. 7(b) shows. Our proposed
data-aided method shows its credibility and stability after fiber
transmission as it does in back-to-back transmissions.

IV. CONCLUSION

In conclusion, we propose a simple method to estimate the
DC component isolated by an AC-coupled photodetector. Using
data-aided sequences with constant moduli, we succeed in accu-
rately recovering the DC component after simple mathematical
calculation. Our method requires no physical structures and all
work can be done in the digital domain. Compared to the existing
method, our method shows better accuracy and stability. We
carry out simulations and transmission experiments to investi-
gate our method. In order to validate the reliability of our method,
we conduct an experiment of transmitting a 3 GBaud 16-QAM
SSB signal both in the back-to-back and 80 km SMF transmis-
sion scenarios. The BER is about 3.8 x 10~3 when the optical
power is around —11 dBm and CSPR is 10 dB. Compared to
the estimation of the traditional sweeping method, our proposed
method shows a similar performance and higher efficiency. The
deviation of « is about 3% when the optical power is sufficient.
Even with insufficient received optical power, the difference
represented by « is floating within a range of 10%. Compared to
other DC estimation methods, our data-aided method is simple
and flexible with better stability. It only costs a negligible length
of the data-aided sequence, if there is no data-aided sequence
that already exists. Besides, the data-aided sequences are not
fixed and can also be designed to any form as long as the power
and phase satisfy our principles. That means the sequences used
in further estimations and equalizations can also be used for our
method easily. Therefore, we believe our method is practical for
applications of the KK-receiver
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