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Abstract—Data center interconnections are cost-sensitive. We
propose and demonstrate a cost-effective C-band intensity mod-
ulation direct detection (IM/DD) transmitter for extended range
(ER) inter-datacenter interconnects utilizing only a 2-bit digital-to-
analog converter (DAC). Tomlinson-Harashima precoding (THP)
is used in transmitter DSP to compensate for dispersion-induced
impairments. Due to the uniform distribution of signal levels after
THP encoding, a high-resolution DAC is required to generate
electrical signals. The hardware cost of the transmitter can be
significantly reduced by compressing the physical number of bits
(PNOB) of the DAC to 2 bits. We quantize the signal to 4 levels and
utilize up-sampling and noise shaping to greatly reduce the in-band
quantization noise. The in-band signal to noise ratio (SNR) can be
increased to 23 dB. We experimentally demonstrate a cost-effective
40-Gbaud probabilistic shaping PAM-4 C-band IM/DD transmis-
sion over 50-km utilizing only a 2-bit DAC in the transmitter
without any optical dispersion compensation. The performance of
the proposed scheme is proximate to the common case of using an
8-bit DAC. It has a BER gap of about 2 × 10−3 only when the
received optical power (ROP) is higher than −6 dBm.

Index Terms—Data center interconnection, digital-to-analog
converter, tomlinson-harashima precoding, intensity modulation
direct detection.

I. INTRODUCTION

THE growing capacity demand for cloud-computing and
Internet of Things has led to a swift increase in the
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requirement for transmission capacity for inter-datacenter in-
terconnects (inter-DCI) [1]. Edge data centers require several
tens of kilometers of optical fibers for interconnection. Due
to the sensitivity of data center scenarios to cost and power
consumption, there is significant interest in utilizing intensity
modulation direct detection (IM/DD) schemes to achieve 100
Gb/s/λ extended range (ER) Ethernet connectivity. To address
system bandwidth limitations, DSP is required at the transmitter
side of 100G IM/DD systems to compress signal bandwidth.
Techniques such as root raised cosine (RRC) filtering and pre-
emphasis are typically used to achieve this. Furthermore, for
standard single mode fiber (SSMF), the attenuation in C-band
is much lower than that in O-band, which can support longer
distance transmissions and higher power budget. The major
limitation of the reach and capacity of C-band IM/DD transmis-
sion lies in the dispersion induced power fading effect, which
is hard to be compensated using common linear equalizers.
To extend the transmission range beyond 40 km, the use of
digital dispersion compensation instead of optical methods can
also significantly reduce the cost. One solution is Tomlinson-
Harashima precoding (THP), which can extend the reach of
42-Gbaud C-band PAM-4 transmission to over 80 km [2], [3].
The processed PAM-4 signal is no longer 4-level signal, which
must be generated by a high-resolution (≥8) DAC. Reducing
the resolution of the DAC can further compress the cost and
power consumption [4]. Using the Gerchberg-Saxton algorithm
and noise shaping, a 56-Gb/s PAM-4 signal for 80-km SSMF
transmission in C-band is experimentally demonstrated utilizing
a 4-bit DAC [5], [6]. A 32-Gbaud IM/DD PAM-4 signal is trans-
mitted over 10-km SSMF using a 3-bit DAC and error-feedback
noise shaping [7]. To further increase the transmission rate as
well as to reduce the cost of the transmitter, using high-speed
2-bit ports instead of DACs is necessary. Commercial implemen-
tation of Gerchberg-Saxton algorithms and digital resolution
enhancer at high sampling rates is difficult. Combining THP
algorithm with simple quantization noise shaping is a promis-
ing candidate for the 400-GbE long-haul distance data center
interconnects.

400Gb/s Ethernet and next-generation 800GbE require 224-
Gb/s PAM-4 SerDes transceivers, which are almost close to
commercialization [8], [9]. Therefore, we first compress the
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Fig. 1. Framework of the proposed scheme.

resolution of the DACs in transmitters for middle-range DCI
with C-band IM/DD transmission to 2 bits. In implementation,
the 2-bit signal can be generated by a PAM-4 SerDes transceiver,
which is more cost-effective than the conventional transmitter
using high-resolution DACs. The signal can also be built using
inexpensive analog-multiplexers (AMUX), which interleaves
the outputs of several low-speed PAM-4 IO ports in the time
domain [10], [11]. The proposed scheme is much closer to
commercialization than schemes using high-speed DACs. In the
proposed scheme, THP has been used to compensate the dis-
persion damage of the signal. We apply up-sampling operation
and noise shaping [12], [13] to quantize the signal to 4 levels
and greatly reduce the in-band quantization noise. Weighing
performance and complexity, a conventional pre-designed FIR
filter is used for noise shaping in our scheme rather than a channel
response-dependent FIR filter. The fixed FIR taps, which require
no training, make hardware implementation simpler and more
cost-effective. We experimentally transmit C-band 40-Gbaud
probabilistic shaping (PS) PAM-4 signal in a 50-km SSMF
transmission without any optical dispersion compensation. After
50-km SSMF transmission, the bit error rate (BER) performance
is below the 15.3% overhead open forward error correction
(OFEC) threshold.

II. PRECODING AND NOISE SHAPING

Fig. 1 illustrates the framework of the proposed scheme,
encompassing quantization noise shaping and THP. THP serves
to expand the transmission distance for a dispersion-limited
IM/DD system. It consists of a feedback circuit and a 2M
modulo operation. The transfer function of the feedback circuit
has several poles which matches the zeros of the dispersion
transfer function. It can be expressed as:

1

1 +H (z)
=

1

1 + [R (z)− 1]
=

1

R (z)
= R−1 (z) (1)

where H(z) = R(z)− 1, and R(z) is the dispersion-limited
channel transfer function [14]. The modulo operation limits
the amplitude-range of the coded signal within [-M, M). The
coefficients ofH(z) can be obtained with an error-free decision-
feedback equalizer (DFE) at the receiver side when transmitting
un-coded PAM signal. As is shown in Fig. 2(a), THP encoding

Fig. 2. (a) Structure of THP encoder and decoder; (b) waveform amplitude
distributions at each node in the THP encoding/decoding process.

process can be expressed as:

x(n) = s(n) + a(n)+
l∑

i=1

hix(n− i) (2)

where s and x are the original symbols and encoded signals.
h are the coefficients of H(z). a ∈ 2M · k (k is an integer) is
introduced by modulo operation to limit the output signal level.
a can be eliminated by modulo operation when decoding.

Since the THP replaces the feedback part of the DFE of the
original receiver-side DSP, it only compensates the power fading
induced by the dispersion. The feed-forward part of the DFE is
not included in the THP. The remaining channel distortion, such
as bandwidth limitation, still requires a feed-forward equalizer
(FFE) to compensate at the receiver side. Therefore, the original
PAM signal can be recovered by an FFE and modulo operation
when decoding. Besides, to compensate the extra nonlinear
distortion of the signal induced by MZM and fiber link, we
replace the FFE by a 2-order polynomial nonlinear equalizer
(PNLE), which can be expressed as:

y(n) =

�(N1−1)/2�∑
k1=−�(N1−1)/2�

b1,k1
x(n− k1)

+

�(N2−1)/2�∑
k2=−�(N2−1)/2�

b2,k2
x2(n− k2) (3)

where b1,k1
and b2,k2

are the linear and nonlinear taps. �·� de-
notes the rounding down function. Using PNLE adds only 2 ·N2
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Fig. 3. (a) Structure of quantization noise shaping. (b) Principle of noise
shaping in frequency-domain. (c) Frequency response of the FIR filter, the
spectrums of the 2-bit output signal, and that of the quantization noise.

multipliers per symbol compared to FFE, which is affordable.
The initial PNLE taps are obtained with training sequences,
and then tracked with the decision directed least-mean square
(DD-LMS) algorithm.

After THP, as is shown in Fig. 2(b)- 2©, the amplitude of the
signal is distributed across the range of [- 4, 4] instead of being
concentrated in four levels. The homogeneously distributed sig-
nal requires a high-resolution DAC to generate. Consequently,
to transmit the signal utilizing 2-bit DAC, a simple noise shaping
method is applied to compress the quantization noise. Fig. 3(a)
shows the structure of noise shaping technique. As is shown in
Fig. 3(b), a RRC filter is first applied on the signal after THP
to compress the electrical bandwidth. Afterwards the signal is
up-sampled from the Nyquist sampling rate to a higher sampling
rate. Oversampling can spread the quantization noise over a
larger range. Noise shaping transfers the energy of the quantiza-
tion noise from the low-frequency end to the high-frequency end,
which reduces the in-band noise substantially. Due to the high
quantization noise caused by the use of a 2-bit DAC, up-sampling
is necessary to make the SNR acceptable. The proposed scheme

only requires an oversampling rate of 1.5. The 2-bit signal
can be generated by high-speed PAM-4 SerDes transceiver in
practical implementation. It can also be built using inexpensive
AMUX with several low-speed IO ports. Using 8-bits resolution
DAC chips over 60 GSa/s is much more expensive than several
low-speed PAM-4 IO ports with AMUX. The frequency shape
of the quantization noise depends on the response of the FIR
filter in the feedback circuit. The process can be expressed as:

Y (z) = X(z) + (1 + F (z))N(z) (4)

where X and Y are the input and output signals. N is the
quantization noise. F is the FIR filter. The taps of FIR can be
obtained by:

F = −
[
Ar

Ai

]−1 [
W · 1
0

]
(5)

A(ω) = W

⎡
⎢⎢⎢⎣
e−jω1 e−j2ω1 · · · e−jnω1

e−jω2 e−j2ω2 · · · e−jnω2

...
...

. . .
...

e−jωs e−j2ωs · · · e−jnωs

⎤
⎥⎥⎥⎦ (6)

where [·]−1 denotes the Moore-Penrose pseudoinverse of a
matrix. Ar and Ai are the real and imaginary parts of A.
{ω1, ω2, . . . , ωs} = {1, 2, . . . , s} /sπ are uniformly-spaced fre-
quencies of the signal. n is the number of FIR taps. W =
diag(w, w · · ·w, 1, 1 · · · 1). w is the weight that determines
the stop-band attenuation. The numbers of w determines the
stop-band width. 1 and 0are vectors of ones and zeros.

Fig. 3(c) shows the spectrums of the 2-bit signal and the
shaped quantization noise, as well as the frequency response
of the 9-tap FIR filter. It can be observed that most of the
quantization noise is transferred out of the signal band. The
spectrum of the noise is the same as the response shape of the
FIR filter. The in-band signal to noise ratio is 25.7 dB, which is
capable of supporting the IM/DD transmission.

III. SIMULATION AND DISCUSSION

In this section, in order to optimize the parameters in the
scheme, we simulate a 40-km SSMF IM/DD transmission sys-
tem. The DSP of transmitter and receiver is set as the Fig. 1
shows. The baud rate of PAM-4 sequence is set at 40 Gbaud.
The sampling rate of 2-bit DAC is 120GSa/s. In the simulation,
ignoring the nonlinear distortion of MZM and DACs, we use
FFE in the THP decoding.

To balance between the computational complexity of THP
and the performance of the system, we first analyze the rela-
tionship between the number of taps and the BER. Since the
performance of THP is mainly related to the dispersion of the
link, quantization noise shaping is not considered in this case.
The signal after THP is generated by a 10-bit DAC. As is stated in
Section II, THP essentially functions as a zero-error propagation
DFE at the transmitter side. Its taps are obtained by training at the
receiver side using error-free DFE. Fig. 4 shows the SNR versus
the number of THP and error-free DFE feedback taps curves in
the 40-km transmission. The number of the feedforward taps of
the DFE and the FFE in THP decoding are both 51. The SNR
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Fig. 4. SNR of the PAM-4 signal at the receiver end versus number of taps
of the THP and error-free DFE in DSP for 40-km SSMF 40-Gbaud PAM-4
transmission.

Fig. 5. (a) The frequency responses of the FIR filters generated using different
parameters in the weight matrix; (b) SNR of the PAM-4 signal at receiver end
versus taps number n and stopband width B for weight matrix W in FIR filter
generation.

of the system increases when the number of feedback taps in-
creases. Weighing the complexity and performance, the optimal
number of feedback taps is 9 for 40-km transmission. Besides,
at high SNRs, the performance of THP is close to using an
error-free DFE at receiver end when the number of feedback taps
is higher than 5. At low SNRs, the THP performance is impacted
by modulo loss and is much lower than that of error-free DFE.
Modulo operation may mistake the points at the boundary of
[−4, 4] for symbols at the opposite boundary [15]. Therefore,
using probabilistic shaping PAM-4 modulation to reduce the
probability of±3 symbols at the boundary can effectively reduce

Fig. 6. (a) Structure of quantization noise shaping with additional noise
clipper; (b) SNR versus w value of the weight matrix W for noise shaping
with and without noise clipping; (c) the spectrums of the 2-bit output signal and
the quantization noise using noise shaping with/without clipper (w = 30).

the modulo loss. In the experiment, probabilistic shaping is
utilized to further extend the transmission reach.

The shape of quantization noise is determined by the FIR
filter. The frequency response of the FIR filter is controlled
by the weight matrix W , as shown in (5) and (6). The size
of the diagonal matrix n is equal to the number of taps in
the FIR filter. Fig. 5(a) shows the frequency responses of FIR
filters with different parameters. Increasing the number of taps
n results in a filter response that approaches a rectangular shape.
The ratio of the number of weights wand 1 in the diagonal
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Fig. 7. (a) Experimental setup of the IM/DD transmission; (b) electrical spectrums of received signal at back-to-back and after 40/50-km transmission.

Fig. 8. BER versus ROP for 40-km 40-Gbaud PAM-4 transmission using
THP/DFE and different up-sampling rate.

matrix determines the filter’s stopband width. It is defined as
the normalized bandwidth B. We sweep the value of n and B to
ensure the SNR at the receiver side is maximized. As is shown in
Fig. 5(b), the optimaln andB values are 9 and 0.33, respectively.

A larger w value results in greater stopband attenuation,
which pushes more quantization noise out of the signal band.
However too large a value of w leads to excessive quantization
noise feedback. The probability of noise spikes in the feedback
circuit increases, making the feedback unstable. Also, as a
result, the signal amplitude before the quantizer may exceed the
quantization range [16]. Adding a clipper to the feedback circuit
attenuates the effects of quantization noise spikes and stabilizes
the feedback circuit, as is shown in Fig. 6(a). Nevertheless, the
additional clipping noise will still degrade the SNR. The mathe-
matical analysis of the system is complicated by the fact that both
THP and noise shaping contain feedback loops. Therefore, we
use simulation to determine the optimalw value. Fig. 6(b) shows
the SNR versus w value of 40 Gbaud PAM-4 signal over 40-km
SSMF transmission. The number of THP taps is 9, and the n
and B of the weight matrix W are 9 and 0.33. With the w value
increasing, the in-band SNR increases and BER performance
improves. The performance reaches the peak at the w of 20.

Fig. 9. (a) BER versus PNOB of DAC for 40-km transmissions with and
without noise shaping at ROP of −4 dBm; (b) BER versus ROP for the proposed
scheme and common case using 8-bit DAC.

Fig. 6(c) reveals the function of the clipper added in the feedback
circuit. It presents the frequency spectrums of the signal and
quantization noise with and without clippers at the w of 30. The
clippers ensure that the noise transfer model for the noise shaping
remains valid. In the transmitter DSP, the THP encoder requires 9
multipliers per symbol. The noise shaping requires 3× 9 = 27
multipliers per symbol. Up-sampling only changes sampling rate
of noise shaping and increases the number of multipliers per
symbol required from 18 to 27. The sampling rate of other DSPs
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Fig. 10. (a) BER and bit-per-symbol rate versus the probability p curves;
(b) BER versus ROP curve of PS-PAM-4 50-km transmission.

remain unchanged. The additional 9 multipliers only account for
a very small percentage of the hardware resources required for
the entire DSP of the transmitter. Although the noise shaping
requires a higher clock rate for implementation, the additional
cost and power consumption of the DSP chips for a less than 50%
increase in clock rate is still much less than the savings achieved
by using PAM-4 IO ports instead of 8-bit DACs. Meanwhile,
up-sampling and noise shaping does not change the bandwidth
of the original signal. The sampling rate required by the receiver
will not be increased. The complexity of the DSP at receiver side
is almost the same with traditional PAM-4 IM/DD systems.

IV. EXPERIMENT SETUP

The experimental setup and DSP for the 40-Gbaud C-band
IM/DD transmission system are shown in Fig. 7(a). In the
transmitter side DSP, a binary sequence is first mapped into
PAM-4 format with constant composition distribution matching
(CCDM) for probabilistic shaping [17]. Afterwards THP with
9 feedback taps trained at receiver side using DFE is applied to
the PAM-4 sequence. Then the 40-Gbaud PAM-4 sequence is
up-sampled and reshaped by a RRC filter with roll-off factor of
0.1 to narrow the electrical bandwidth. Then the signal is quan-
tized to 4 levels and applied with the quantization noise shaper. In
this experiment, we use an arbitrary waveform generator (AWG,
Keysight M8194A) to simulate a high-speed 2-bit DAC. The

generated 4-level signal is loaded into AWG at sampling rate
of 120-GSa/s and modulated on the 1550 nm optical carrier
with a Mach-Zehnder modulator (MZM). The optical signal is
launched into a G.652 fiber link at the power of 5.5 dBm. After
40-km or 50-km SSMF transmission, the ROP into the receiver
is controlled by a variable optical attenuator (VOA). Then the
optical signal is boosted with an Erbium-doped fiber amplifier
(EDFA) and directly detected by a single-end photodiode (PD).
The received electrical signal is sampled by an oscilloscope
(Keysight DSAV334A) at 80-GSa/s sample rate. To block out the
residual high-frequency noise, we limit the bandwidth of oscil-
loscope to 25 GHz. The received signal is processed offline, and
the DSP includes clock data recovery (CDR), match filter, THP
decoding, PAM de-mapping and BER counter. THP decoding
includes an equalizer and modulo operation. We apply 2-order
PNLE with taps (N1 = 51, N2 = 15) to decode the signal. The
total number of taps for PNLE is only 66. The PNLE requires 81
multipliers per symbol. The performance of the IM/DD system
is evaluated with pre-FEC BER.

IV. RESULTS

The performance of the proposed 2-bit cost-effective THP
transmitter scheme in a 40-km SSMF PAM-4 IM/DD transmis-
sion is evaluated and compared with a common scheme using
DFE in the receiver DSP. The DFE contains 51 feedforward taps
and 9 feedback taps. The signals transmitted in both schemes are
quantized to 2 bits and noise shaped.

Fig. 8 shows the BER versus ROP curves of the schemes
using THP/DFE and different up-sampling rate. Comparing
DFE and THP schemes, only the BER performance of the
THP scheme achieves 1.35 × 10−2 after 40-km transmission
at ROP of -4-dBm, which is below the OFEC threshold 2 ×
10−2. Theoretically, both THP and DFE have equivalent transfer
functions and same anti-dispersion abilities. Nevertheless, due to
the influence of error propagation, the BER of the DFE scheme
is markedly higher than that of the THP scheme due to error
propagation. When comparing the impact of up-sampling rates
on BER, a higher up-sampling rate can expel more quantization
noise from the signal band and improve performance. When the
up-sampling rate increases from 80 GSa/s to 120 GSa/s, there is
an improvement in the BER performance from 6.50 × 10−2 to
1.35 × 10−2.

In Fig. 9(a), we evaluate the impact of the physical number of
bits (PNOB) of DAC on the BER performance at ROP of -4 dBm.
The use of a low-resolution DAC without noise shaping signif-
icantly reduces the performance, even though up-sampling has
already diluted the in-band noise. 2-bit quantization increases
the BER to 8.22 × 10−2. Applying noise shaping brings the
BER performance of our scheme close to the 4-bit and 8-bit
DAC case at ROP of −4 dBm. Fig. 9(b) reveals that the overall
performance of our scheme is close to the case using an 8-bit
DAC. It slightly underperforms only when the ROP is higher
than −6 dBm. The BER gap is only about 2 × 10−3.

As is discussed in Section III, we use probabilistic shaping
PAM modulation to reduce modulo loss and further extend the
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distance in the transmission experiment. In the 50-km transmis-
sion, the THP includes 11 feedback taps. And a PNLE with
taps (N1 = 51, N2 = 21) is utilized to decode the signal. A
symmetric probability distribution of the four levels is adopted
as [p, 0.5− p, 0.5− p, p]. Fig. 10(a) shows the BER versus the
probability p curve of the 50-km PS-PAM-4 transmission. The
corresponding bit-per-symbol rate is also attached in the figure.
Reducing the probabilityp improves the BER performance of the
system. Trading off the rate and BER, as illustrated in Fig. 10(b),
with 1.88-bit/symbol PS-PAM-4 modulation (p = 0.15), the
proposed scheme achieves a BER of 1.57 × 10−2 at ROP of
−6-dBm after 50-km transmission.

V. CONCLUSION

In this paper, a cost-effective C-band IM/DD transmission
scheme is proposed for ER inter-DCI utilizing only 2-bit DAC.
THP is used to pre-compensate the dispersion-induced impair-
ments. In order to generate the encoded signal with a low-
resolution DAC, upsampling and quantization noise shaping
is used to improve the SNR. We experimentally demonstrate
a C-band 40-Gbaud DSB PAM-4 for 40-km and PS-PAM-4
for 50-km SSMF transmission without any optical dispersion
compensation. The ROP performance of the proposed scheme
using a 2-bit DAC is proximate to the common case of using an
8-bit DAC. The BER performance achieves 1.57 × 10−2 after
50-km SSMF transmission at ROP of −6-dBm, which is below
the 15.3% OFEC threshold.
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