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Abstract—In order to reduce the quantization noise of low-
resolution DAC, we study a noise shaping technique that can
reshape the white quantization noise to an irregular spectrum,
in which the noise in the data subcarrier band is almost trans-
formed into the null subcarrier band. Both in simulation and
experiment, we verify the effectiveness of the investigated scheme
in 25 GHz 16-QAM/32-QAM/64-QAM DMT transmission systems.
The experimental results show that the noise shaping technique
can enhance the receiver sensitivity of 4-bit quantized 16-QAM
DMT and 5-bit quantized 32-QAM DMT by 4.3 dB and 2.5 dB
respectively, at BER of hard decision forward error correction
(HD-FEC) threshold (3.8 × 10−3). In addition, with the aid of noise
shaping, the performance of 4-bit quantization 16-QAM DMT
system is the same as the 8-bit quantization 16-QAM DMT system
at the HD-FEC threshold. The experimental results reveal that the
proposed noise shaping scheme is a good solution for high-speed,
low-cost short reach intra-DCI with low-resolution DAC in future
6G networks evolved from 5G mobile networks.

Index Terms—Noise shaping technique, low-bit resolution
system, quantization noise suppression, intra data center
interconnects (intra-DCI), intensity modulation and direct
detection (IM/DD), discrete multitone (DMT).

I. INTRODUCTION

W ITH the explosive emergence of various high bandwidth
services, such as cloud services, artificial intelligence
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(AI) and supercomputing, the requirement for the bandwidth of
data center interconnects (DCIs) has been constantly growing
[1]–[3]. According to the “Cisco Global Cloud Index: Forecast
and Methodology, 2016-2021” [4], the share of machine-to-
machine connections will grow from 33 percent in 2018 to 50
percent in 2023, and the internet traffic in intra-DCI occupies
71.5% of the whole traffic generated in DCIs. For the rapid
growth of the demand for communication capacity in DCIs,
intensity modulation and direct detection (IM/DD) system is
a mature architecture to match the capacity requirements. Ad-
ditionally, advanced modulation formats including quadrature
amplitude modulation (QAM) [5]–[7], pulse amplitude modula-
tion (PAM) [8]–[10] and discrete multitone modulation (DMT)
[11]–[15] are widely used in offline system demonstration of
optical interconnection to achieve high spectral efficiency. Re-
cently, DMT-based IM/DD system [16]–[18] is considered as a
promising solution for short reach and high-speed DCIs due
to its high spectrum efficiency, high resistance to chromatic
dispersion (CD) and simple frequency domain equalization. Al-
though it also suffers from the high peak-to-average power ratio
(PAPR) as other multicarrier modulation formats. In addition, to
compensate for the bandwidth limitation induced inter-symbol
interference (ISI), pre-equalization is usually employed at the
transmitter side, however, this will lead to higher PAPR of
DMT signal [14]. In this case, signal with high PAPR requires
a high-resolution digital-to-analog converter (DAC) to reduce
the quantization noise and enhance the signal-to-noise ratio
(SNR). However, the evolution of network from 5G towards
6G will need new optical transport architecture with low-cost,
low-energy consumption. Especially in short-reach applications
such as intra-DCI, in which the fiber transmission distance is
less than 2-km [19]–[21], the system cost is the most important
concern. The high quantization noise caused by commercial
DAC with 4/5/6-bit resolution is an obstacle for high-speed
intra-DCI with a high-order modulation format.

To solve this problem, delta-sigma modulation is proposed,
in which the noise transfer function is specifically designed
to reduce the quantization noise within the signal bandwidth
[23]–[29]. The disadvantage is that the delta-sigma modulation
requires an ultra-high oversampling rate. A novel noise shaping
scheme is proposed in Ref. [30]. Similar to delta-sigma modu-
lation, the operation principle of the noise shaping scheme is to
push the quantization noise out of the signal band and increase
signal to quantization noise ratio (SQNR), while the required
sampling rate is far less than delta-sigma modulation. However,
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Fig. 1. Operating principle of noise shaping.

Ref. [30] only studies the 5-bit quantization 16-QAM DMT
system in simulation, and the interaction between quantization
noise and channel noise including the thermal noise from ampli-
fier, shot noise from photodiode (PD) is not considered. Mean-
while, noise shaping technique is also applied to reduce the quan-
tization noise of differential pulse coding modulation (DPCM) in
the digital mobile fronthaul [31]. However, the scheme digitizes
each DMT signal by time-domain multiplexing, which results in
low spectral efficiency. The transmission capacity is not enough
to support 100 Gb/s optical interconnection.

This paper is an extension of our previous work reported on
OFC 2021 [32], in which only 4/5/6-bit DAC is employed in
IM/DD system to verify the impact of noise shaping technique.
To further study the noise shaping of DMT signal transmission
in optical interconnect, we theoretically analyze the impact of
quantization noise and channel noise on the system firstly. In
addition, we theoretically analyze and experimentally inves-
tigate the performance of the noise shaping technique in the
2-km intra-DCI. The experiment result shows that the noise
shaping technique can significantly improve the performance
of low-resolution DAC system. With the aid of noise shaping,
the performance of 4-bit 16-QAM DMT system is the same as
the 8-bit 16-QAM system at the hard decision forward error
correction (HD-FEC) threshold, which is a promising low-cost
scheme for future 6G networks.

The rest of this paper is organized as follows. Section II
presents the principle of noise shaping technique. Section III
describes the simulation setup and discussion of results. Sec-
tion IV illustrates the experimental setup and discussion of
results. Finally, our work is summarized in Section V.

II. OPERATION PRINCIPLES

As shown in Fig. 1, the operation principle of noise shaping
technique is to reshape the white quantization noise to an irreg-
ular spectrum, in which the quantization noise within the signal
band is pushed to the higher frequency band without signal. It is
noting that high-frequency quantization noise has little effect on
the signal band. Thus, only a low oversampling rate is required in
this noise shaping scheme. Certainly, the performance gain of the
technique increases with the oversampling rate to some extent.

A. Structure of Noise Shaping Technique

Fig. 2(a) illustrates the model of this noise shaping technique,
where the U(z) ,V (z)and E(z) represent the input, output and
quantization noise of the N-bit quantizer Q, respectively [30].
The conventional DMT signal is quantized with N bits and the
quantization noise can be obtained. After being fed back to the
FIR filter, the quantization noise after shaping will be added to
the input signal. The purpose is to minimize quantization noise
in the signal band. The output V (z) can be expressed as:

V (z) = U(z) + (G(z) + 1)E(z)

= U(z) +NTF × E(z) (1)

where noise transform function (NTF ) equals toG(z) + 1. Our
goal is to select an appropriateG(z) to reconstruct the spectrum
of quantization noise so that the power of quantization noise in
the 0 ∼ ωs signal band can be compressed less than before this
operation, which can be written as∫

0∼ωs

∣∣1 +G(ejω)
∣∣2Pe(e

jω)dω <

∫
0∼ωs

Pe(e
jω)dω (2)

where Pe(e
jω) is the power spectral density of e(n). Therefore,

the optimization problem can be given by

minP(0∼ωs) = min

∫
0∼ωs

∣∣1 +G(ejω)
∣∣2dω (3)

According to Ref. [30],G(z) is implemented by finite impulse
response (FIR) filter, as shown in Fig. 2(b) and can be expressed
as:

G(z) = h1z
−1 + h2z

−2 + · · ·+ hnz
−n (4)

where hn and n represent the coefficient and tap length,
respectively.G(z)can be transformed into frequency domain
by the relation of z = ejω , then the integral problem can be
converted to the summation problem. Therefore, the Eq. (3) can
be written as:

minP(ω1,ω2,...,ωs) = min
h1,h2,...,hi

s∑
i=1

∣∣1 +H(ejωi)
∣∣2 (5)

Define the vector K as:

K(ω1,ω2,··· ,ωs) =

⎡
⎢⎢⎢⎣
1
1
...
1

⎤
⎥⎥⎥⎦+

⎡
⎢⎢⎢⎣
e−jω1 e−j2ω1 · · · e−jnω1

e−jω2 e−j2ω2 · · · e−jnω2

...
...

. . .
...

e−jωs e−j2ωs · · · e−jnωs

⎤
⎥⎥⎥⎦
⎡
⎢⎢⎢⎣
h1

h2

...
hn

⎤
⎥⎥⎥⎦

(6)

Defining E =

⎡
⎢⎢⎢⎣
e−jω1 e−j2ω1 · · · e−jnω1

e−jω2 e−j2ω2 · · · e−jnω2

...
...

. . .
...

e−jωs e−j2ωs · · · e−jnωs

⎤
⎥⎥⎥⎦, h =

⎡
⎢⎢⎢⎣
h1

h2

...
hn

⎤
⎥⎥⎥⎦.

Eq. (5) can be written as

minP
(ω1,ω2,··· ,ωs)

= min
h

‖K‖22 = min
h

‖1 + Eh‖22 (7)

According to Ref. [30], the coefficient hi of the FIR can be
obtained by

h = −E−1 × 1 (8)
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Fig. 2. Linear models of (a) noise shaping technique and (b) FIR filter.

Fig. 3. SQNR enhancement versus Tap length of noise shaping modulator.

where E−1 notates the pseudo-inverse of the matrix E. It can be
seen that matrix E is determined by the oversampling rate and the
FIR tap length n. The key to obtaining the noise transform func-
tion is to construct matrix E and calculate the pseudo-inverse of
matrix E.

The SQNR enhancement with different tap lengths of FIR is
investigated in a 25 GHz QPSK DMT system with 5-bit DAC.
The simulation result is shown in Fig. 3. With the increases of
the tap length, the enhancement of SQNR is significant until the
tap length is equal to 13. Taking both the system performance
and computational complexity into consideration, the tap length
is fixed at 13 in the following discussion.

It is noteworthy that when the resolution of the quantizer is
less than 4 bits, the quantization noise in the feedback loop is
too large which will lead to structural overload and instability.
In such a situation, a clipper is added to the feedback loop to
limit the peak value of G(z) [30]. In contrast, the bit error rate
(BER) performance of 5/6/8-bit quantization system is similar
with or without a clipper. Considering the complexity of the
algorithm, the clipper is only added in the system with less than
4 bits quantization.

B. Performance of Noise Shaping Technique

The effectiveness of noise shaping technique is analyzed
theoretically in MATLAB. The 25 GHz QPSK DMT signal is
generated with 80 GSa/s sampling rate and quantized with dif-
ferent bits. It means that oversampling rate is 1.6. In addition, the
FFT size of the 25 GHz QPSK DMT signal is 1024, the number
of payload subcarriers is 640, and the length of cyclic prefix is

12. The SQNR of the quantized DMT signal is calculated with
and without noise shaping, as shown in Table I. It exhibits that
after noise shaping, the SQNR of 3-bit, 4-bit, 5-bit and 6-bit
quantized is improved by 8.5 dB, 8.9 dB, 8.6 dB, and 7.5 dB,
respectively.

In a practical IM/DD system, there are channel noises besides
quantization noise. To clearly compare quantization noise with
channel noise, the SNR of the whole system can be denoted in
terms of SQNR and SCNR, which are defined as follows:

SQNR = 10× log10

(
s2

eq2

)
(9)

SCNR = 10× log10

(
s2

ec2

)
(10)

where s represents signal, eq and ec represent quantization noise
and channel noises, respectively.

SNR = 10× log10
(
s2/(ec

2 + eq
2
)
) (11)

The SNR of the whole system can be written as
Substituting Eq. (9) and Eq. (10) into Eq. (11), SNR can be

given by:

SNR = SCNR− 10× log10

(
1 + 10(

SCNR−SQNR
10 )

)
(12)

In additive white Gaussian noise (AWGN) channel, the rela-
tionship between BER and SNR can be expressed as [33]:

BER ∼=
√
M− 1√

Mlog2
√
M

erfc

[√
3log2M× EbNo

2 (M− 1)

]
(13)

where M is modulation order, EbNo denotes the SNR per bit and
can be expressed as:

EbNo = SNR×
(
BW

Rb

)
(14)

where BW is signal bandwidth, Rb is the bit rate

Rb = Rs × log2M (15)

where Rs is the sampling rate. According to Eq. (9), the SQNR of
an 8-bit quantized DMT signal is about 40 dB. Meanwhile, the
SNR of 25 GHz DMT system with 8-bit resolution is investigated
at the received optical power (ROP) of 3 dBm, as shown in
Fig. 4(a). The calculated average SNR is 21 dB, so according to
Eq. (12), the optimal SCNR of this experimental system is about
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TABLE I
SQNR WITH DIFFERENT QUANTIZATION BIT AND QUANTIZATION METHOD

Fig. 4. (a) Measure SNR of pre-equalized signal. (b) BER vs. SNR curves of M-QAM. (c) Required SCNR vs. QAM curves at HD-FEC threshold.

21 dB which is used as the SCNR threshold of the experiment
system in the subsequent discussion.

According to Eq. (13)–(15), the BER versus SNR of 25
GHz DMT signal with QPSK/16-QAM/32-QAM/64-QAM
is shown in Fig. 4(b). It indicates that when the BER of
QPSK/16-QAM/32-QAM/64-QAM signal reaches the HD-FEC
(3.8×10−3), the theoretically required SNR is 10.2 dB, 14.2
dB, 16.3 dB and 18.4 dB, respectively. However, nonlinear
effects within key components including electrical amplifier
and electrical-to-optical (E/O) modulator may introduce penalty
to the high-order modulation format signal, so the required
SNR in experimental system is 10.2 dB, 15.5 dB, 18.5 dB and
21.5 dB, respectively. Therefore, according to Table I and Eq.
(12), the required SCNR for different modulation format signals
with and without noise shaping to reach HD-FEC threshold
in different quantization systems is calculated, as shown in
Fig. 4(c). It indicates that for 3-bit quantization system without
noise shaping, the quantization noise is too large to support the
16-QAM/32-QAM/64-QAM signal to reach HD-FEC threshold.
In contrast, the required SCNR for the 16-QAM DMT signal
with noise shaping to reach HD-FEC threshold in the 3-bit
quantization system is 17.3 dB, which is lower than the SCNR
threshold denoted by a red line. As for the 4-bit quantization
system, it can support the 32-QAM signal to reach HD-FEC
threshold with noise shaping. For a 5-bit system, with the help
of noise shaping technique, its performance is similar to the
6-bit quantization system. Additionally, the BER of the 64-QAM
DMT signal with 4/5/6-bit quantization will not reach below the
HD-FEC threshold since the channel noise of the experiment
system is too large.

III. SIMULATION SETUP AND RESULTS

A. Simulation Setup

Fig. 5 shows the simulation setup of DMT-based IM/DD sys-
tem carried out by VPI-transmissionMaker 9.5 and MATLAB.

Fig. 5. Simulation setup. Insets are the DSP blocks of the DMT transceiver.

The key parameters are given out in Table II. The insets of Fig. 5
are the DSP blocks of the DMT transceiver. In the transmitter, the
pseudo-random bit sequence (PRBS) is mapped into M-QAM
and then 25 GHz DMT signal is generated. The FFT size, the
number of payload subcarriers and the length of CP are the
same as in Section II-B. Besides, each frame has 2 training
sequences (TSs) and 251 data-carrying DMT symbols. The
pre-equalization is adopted to improve performance. Then, noise
shaping is performed after N-bit quantization. At the receiver
end, channel equalization is carried out based on the TSs after
synchronization. Finally, it is followed by M-QAM de-mapping
and BER counting.

B. Simulation Results

The BER performance of the optical interconnects system
with different DAC resolutions and modulation formats is in-
vestigated in the simulation and shown in Fig. 6. As shown in
Fig. 6(a), the receiver sensitivity of QPSK signal in the 3-bit
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Fig. 6. Simulation results of BER versus ROP of the DMT signal modulated by (a) QPSK, (b) 16-QAM, (c) 32-QAM, and (d) 64-QAM.

TABLE II
KEY PARAMETERS IN SIMULATION SETUP

quantization system is improved by 3 dB with the help of noise
shaping technique, and its performance is slightly better than the
4-bit quantization system. Fig. 6(b) shows the BER versus ROP
of the 16-QAM DMT signal with and without noise shaping.
It is verified that the 3-bit quantization system can transmit
16-QAM DMT signal under the HD-FEC threshold with the
help of noise shaping, and it outperforms the 4-bit quantization
system without noise shaping. Additionally, the noise shaping
technique reduced the ROP from −4.6 dBm to −8.9 dBm at the
HD-FEC threshold.

For 32-QAM DMT signal, under the effect of noise shaping,
the ROP of 4-bit quantization system is 1 dB lower than the

5-bit quantization system without noise shaping at the HD-FEC
threshold. At the same time, the performance of 5-bit quantiza-
tion system with noise shaping is similar to the 6-bit quantization
system as shown in Fig. 6(c). The performance of 64-QAM DMT
signal is also simulated and shown in Fig. 6(d). When the ROP
is lower than -3.5 dBm, the SCNR is lower than 21 dB, and the
6-bit quantization system will not support the transmission of
64-QAM DMT signal, which verifies the analysis in Section II-B
above.

To sum up, the noise shaping technique can significantly
improve the performance of low-resolution DAC system. The
simulation results show that when the BERs of QPSK DMT,
16-QAM DMT and 32-QAM DMT signal reach the HD-FEC
threshold, the minimum quantization bits are 3 bits, 4 bits and
5 bits respectively. In addition, the experiments will be carried
out to further verify the effectiveness of noise-shaping technique
in the intra-DCI.

IV. EXPERIMENTAL SETUP AND RESULTS

A. Experimental Setup

The experimental setup is presented in Fig. 7. By using
the same DSP algorithm as the simulation, the 25 GHz DMT
signal is generated offline by MATLAB. The electrical spectra
before and after noise shaping are shown in Fig. 7(a) and (b),
respectively. The net rate of 16-QAM/32-QAM/64-QAM DMT
signal is approximately 91.65/113.99/137.47 Gb/s, excluding
7% FEC overhead. Finally, the signal is uploaded into a Fujitsu
DAC with a sampling rate of 80 GSa/s and a 3-dB bandwidth of
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Fig. 7. Experimental setup. (a) Electronic spectrum of quantized signal. (b) Electronic spectrum of signal modulated by noise shaping modulation. (c) Optical
spectrum of transmitted signal. (d) Electronic spectrum of received signal.

Fig. 8. Experimental measured BER versus ROP curves of 16-QAM DMT.

Fig. 9. Experimental measured BER versus ROP curves of 32-QAM DMT.

16.7 GHz, and boosted by a 30 GHz electrical amplifier (EA)
with 20 dB gain. Before E/O conversion, a bias-tee is applied
for direct current (DC) coupling. A 32 GHz OKI OL5157M
electro-absorption modulated laser (EML) is used to achieve
E/O conversion with an output power of 5 dBm at 1538 nm. And
the optical spectrum of signal with and without pre-equalization
is shown in Fig. 7(c). After 2-km single mode fiber (SMF)
transmission, a variable optical attenuator (VOA) is used to
adjust the ROP, and the signal is detected by a single-ended
PD. The signal captured by an oscilloscope with a sampling

Fig. 10. Experimental measured BER versus ROP curves of 64-QAM DMT.

rate of 80 GSa/s is processed offline in MATLAB. Since the
pre-equalization is only applied in the signal band, the power of
the received data subcarrier band is much higher than the power
of the null subcarrier band, as shown in Fig. 7(d).

B. Experimental Results

In the experiment, we demonstrate the transmission and re-
ception of 25 GHz DMT signal generated by 4/5/6-bit resolution
DAC in the 2-km SMF intra-DCI with and without noise shaping
technique. Fig. 8 gives out the measured BER performance
versus the ROP of 16-QAM DMT signal. It indicates that the
receiver sensitivity of the 4-bit quantization system is improved
by 4.3 dB with the help of noise shaping technique, and its BER
performance is the same as the 8-bit quantization system without
noise shaping when the ROP is less than -4 dBm. However, 8-bit
quantization system outperforms 4-bit quantization system with
noise shaping technique at higher ROP. This is because quan-
tization noise dominates the performance of system when the
channel noise is negligible. After 2-km SMF transmission, 1 dB
ROP sensitivity penalty at HD-FEC threshold can be observed
for 4-bit quantization system with noise shaping technique.

As shown in Fig. 9, the receiver sensitivity of the 5-bit
quantization 32-QAM DMT system is improved by 2.5 dB
after 2-km SMF transmission with noise shaping technique.
4-bit quantization system with noise shaping technique can also
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support transmission of 32-QAM DMT, and it shows 1.4 dB
ROP sensitivity improvement compared with 5-bit quantization
system without noise shaping.

For 64-QAM DMT signal, the 6-bit quantization system
with noise shaping achieves 1 dB ROP sensitivity improvement
compared with the 6-bit system without noise shaping, as shown
in Fig. 10. At the same time, it verifies the above discussion
that the channel noise of the experimental system is too large
to support such 64-QAM modulation format at the HD-FEC
threshold. Based on the above discussion, it is concluded that the
experimental results are consistent with the simulation results.

V. CONCLUSION

In this paper, it is the first time to experimentally demonstrated
the transmission of DMT signal generated by 4/5/6-bit resolution
DAC with noise shaping technique in beyond 100 Gb/s intra-DCI
to the best of our knowledge. The effect of quantization noise
and channel noise on the system are analyzed theoretically. The
impact of noise shaping technique is investigated in simulation
and experiment. With the help of noise shaping, the receiver
sensitivity of 4-bit quantization 16-QAM DMT and 5-bit quan-
tization 32-QAM DMT at HD-FEC threshold can be improved
by 4.3 dB and 2.5 dB, respectively. In addition, the receiver
sensitivity of 4-bit quantization 16-QAM system with noise
shaping is improved by 4.3 dB, and its BER performance is the
same as the 8-bit quantization system without noise shaping at
HD-FEC threshold. Noise shaping enabled signal transmission
utilizing low-resolution DAC is a practical low-cost inter-DCI
solution for future 6G mobile networks.

REFERENCES

[1] F. Li, X. Li, J. Zhang, and J. Yu, “Transmission of 100-Gb/s VSB DFT-
Spread DMT signal in short-reach optical communication systems,” IEEE
Photon. J., vol. 7, no. 5, Oct. 2015, Art. no. 7904307.

[2] Z. Li, I. Shubin, and X. Zhou, “Optical interconnects: Recent ad-
vances and future challenges,” Opt. Exp., vol. 23, no. 3, pp. 3717–3720,
2015.

[3] W.-R. Peng, I. Morita, H. Takahashi, and T. Tsuritani, “Transmission of
high-speed (>100 Gb/s) direct-detection optical OFDM super channel,”
J. Lightw. Technol., vol. 30, pp. 2025–2034, 2012.

[4] Cisco visual networking index: Forecast and methodology 2016-2021,
San Jose, CA, USA, 2016. [Online] Available: https://www.reinvention.
be/webhdfs/v1/docs/complete-white-paper-c11-481360.pdf

[5] A. S. Karar and J. C. Cartledge, “Generation and detection of a 112-Gb/s
dual polarization signal using a directly modulated laser and half-cycle
16-QAM Nyquist-subcarrier-modulation,” in Proc. Eur. Conf. Exhib. Opt.
Commun., 2012, Art. no. Th.3. A.4.

[6] Z. Xing et al., “100 Gb/s 16-QAM transmission over 80 km SSMF using
a silicon photonic modulator enabled VSB-IM/DD system,” in Proc Conf.
Opt. Fiber Commun., 2018, Art. no. M2C.7.

[7] R. T. Kamurthi, S. R. Chopra, and A. Gupta, “Higher order QAM schemes
in 5G UFMC system,” in Proc. Emerg. Smart Comput. Inform., 2020,
pp. 198–202.

[8] F. Li et al., “200 Gbit/s (68.25 gbaud) PAM8 signal transmission and
reception for intra-data center interconnect,” in Proc Conf. Opt. Fiber
Commun., 2019, Art. no. W4I.3.

[9] Y. Fu et al., “Computationally efficient 120 Gb/s/λ PWL equalized 2D-
TCM-PAM8 in dispersion unmanaged DML-DD system,” in Proc Conf.
Opt. Fiber Commun., 2018, Art. no. We1H.5.

[10] F. Li et al., “100 Gbit/s PAM4 signal transmission and reception for 2-km
interconnect with adaptive notch filter for narrowband interference,” Opt.
Exp., vol. 26, no. 18, pp. 24066–24074, 2018.

[11] C. Xie et al., “Single-VCSEL 100-Gb/s short-reach system using discrete
multi-tone modulation and direct detection,” in Proc Conf. Opt. Fiber
Commun., 2015, Art. no. Tu2H.2.

[12] F. Li et al., “Demonstration of four-channel CWDM 560 Gbit/s 128QAM-
OFDM for optical inter-connection,” in Proc Conf. Opt. Fiber Commun.,
2016, Art. no. W4J.2.

[13] B. Yu et al., “150-Gb/s SEFDM IM/DD transmission using log-MAP
viterbi decoding for short reach optical links,” Opt. Exp., vol. 26, no. 24,
pp. 31075–31084, 2018.

[14] D. Zou et al., “Comparison of bit-loading DMT and pre-equalized DFT-
spread DMT for 2-km optical interconnect system,” J. Lightw. Technol.,
vol. 37, no. 10, pp. 2194–2200, May 2019.

[15] L. Zhang, J. V. Kerrebrouck, R. Lin, X. Pang, A. Udalcovs, and X. Yin,
“Nonlinearity tolerant high-speed DMT transmission with 1.5-µm single-
mode VCSEL and multi-core fibers for optical interconnects,” J. Lightw.
Technol., vol. 37, no. 2, pp. 380–388, 2019.

[16] K. Zhong et al., “Experimental study of PAM-4, CAP-16, and DMT for
100 Gb/s short reach optical transmission systems,” Opt. Exp., vol. 23,
no. 2, pp. 1176–1189, 2015.

[17] L. Nadal et al., “DMT modulation with adaptive loading for high bit rate
transmission over directly detected optical channels,” J. Lightw. Technol.,
vol. 32, no. 21, pp. 4143–4153, Nov. 2014.

[18] P. Dong et al., “Four-channel 100-Gb/s per channel discrete multitone
modulation using silicon photonic integrated circuits,” J. Lightw. Technol.,
vol. 34, no. 1, pp. 79–84, Jan. 2016.

[19] D. Zou, Z. Li, Y. Sun, F. Li, and Z. Li, “Computational complexity
comparison of single-carrier DMT and conventional DMT in data center
interconnect,” Opt. Exp., vol. 27, no. 12, pp. 17007–17016, 2019.

[20] A. Dochhan, N. Eiselt, J. Zou, H. Griesser, M. H. Eiselt, and J. Elbers,
“Real-time 112 Gbit/s DMT for data center interconnects,” in Proc. Int.
Conf. Photon., 2018, Art. no. SpTh4F.3.

[21] D. Zou et al., “Comparison of null-subcarriers reservation and adaptive
notch filter for narrowband interference cancellation in intra-data center
interconnect with DMT signal transmission,” Opt. Exp., vol. 27, no. 4,
pp. 5696–5702, 2019.

[22] J. Wang et al., “Delta-Sigma modulation for digital mobile fronthaul
enabling carrier aggregation of 32 4G-LTE /30 5G-FBMC signals in a
Single-λ 10-Gb/s IM-DD channel,” in Proc Conf. Opt. Fiber Commun.,
2016, Art. no. W1H.2.

[23] H. Li et al., “Improving performance of mobile fronthaul architecture
employing high order delta-sigma modulator with PAM-4 format,” Opt.
Exp., vol. 25, no. 1, pp. 1–9, 2017.

[24] J. Wang, Z. Jia, L. Campos, L. Cheng, C. Knittle, and G. Chang, “Delta-
Sigma digitization and optical coherent transmission of DOCSIS 3.1
signals in hybrid fiber coax networks,” J. Lightw. Technol., vol. 36, no. 2,
pp. 568–579, Jan. 2018.

[25] H. Li et al., “A 21-GS/s single-bit second-order delta-sigma modulator
for FPGAs,” IEEE Trans. Circuits Syst., II, Exp. Briefs, vol. 66, no. 3,
pp. 482–486, Mar. 2019.

[26] C. Wu et al., “Distributed multi-user MIMO transmission using real-time
sigma-delta-over-fiber for next generation fronthaul interface,” J. Lightw.
Technol., vol. 38, no. 4, pp. 705–713, Feb. 2020.

[27] J. Wang, Z. Jia, L. A. Campos, and C. Knittle, “Delta-Sigma modulation
for next generation fronthaul interface,” J. Lightw. Technol., vol. 37, no. 12,
pp. 2838–2850, Jun. 2019.

[28] R. Schreier, Understanding Delta Sigma Data Converters. 2nd ed., Oregon
State, USA: Wiley, 2004.

[29] R. Gray, “Oversampled sigma delta modulation,” IEEE Trans. Commun.,
vol. COM-35, no. 5, pp. 481–489, May 1987.

[30] W. A. Ling, “Shaping quantization noise and clipping distortion in
direct-detection discrete multitone,” J. Lightw. Technol., vol. 32, no. 9,
pp. 1750–1758, May 2014.

[31] H. Li, X. Li, and M. Luo, “Improving performance of differential pulse
coding modulation based digital mobile fronthaul employing noise shap-
ing,” Opt. Exp., vol. 26, no. 9, pp. 11407–11417, 2018.

[32] K. Bai et al., “Quantization noise suppression with noise shaping technique
in DMT-modulated IM/DD optical interconnects utilizing low-resolution
DAC,” in Proc Conf. Opt. Fiber Commun., 2021, Art. no. W6A.19.

[33] K. Cho and D. Yoon, “On the general BER expression of one- and
two-dimensional amplitude modulations,” IEEE Trans. Commun., vol. 50,
no. 7, pp. 1074–1080, Jul. 2002.

https://www.reinvention.be/webhdfs/v1/docs/complete-white-paper-c11-481360.pdf
https://www.reinvention.be/webhdfs/v1/docs/complete-white-paper-c11-481360.pdf


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


