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Abstract
In this publication, we investigate and compare two approaches for flexible transmission systems with intensity modulation and direct detection for inter data center communications, namely discrete multi-tone and time domain hybrid pulse
amplitude modulation. Both transmission approaches were used to vary the data rate between 56 and 112 Gb/s with fine
granularity. Vestigial side-band transmission was used in order to avoid the power fading effect. Inter-symbol interference due to chromatic dispersion was compensated using digital signal processing at the receiver side. In an experimental verification of the DMT setup, we successfully transmitted 56 Gb/s over 150 km SSMF without in-line amplification.

1

for the DMT system were verified in a laboratory experiment.

Introduction

Due to increasing bandwidth demands, optical links play
a significant role in data center networks. Moreover, geographically separated data centers may work as a cluster
of data centers, e.g. in order to extend existing sites or to
gain higher failure safety. Therefore, cost- and energyefficient optical transmission systems for inter data center
connection with a reach of up to 100 km are highly desirable. Coherent systems with polarization multiplexing and
IQ-modulation that are used for Metro and long-haul
transmission offer high capacity and long reach but are
complex and expensive. Multi-mode fiber (MMF) systems, which can be found in intra data center applications,
are cost-effective, but have a limited reach. For these reasons, recent research is focused on single-mode fiber
(SMF) systems with intensity modulation and direct detection (IM/DD), since this type of system can fulfil the
given demands. It has been shown that PAM-4 and discrete multi-tone (DMT) can enable 400 Gb/s transmission
on the 50 GHz grid using WDM [1][2], where the number
of optical carriers was varied between 4-8, depending on
the transmission length. As chromatic dispersion causes
power fading when combined with direct detection [3], a
dispersion compensating fiber (DCF) was used in the experiments. However, the use of DCF should be avoided in
order to keep the system simple and enable usage of existing fibers. Power fading can be circumvented, when single sideband (SSB) transmission is used [4].
In the following sections, we discuss possible methods for
flexible transceivers and describe the influence of chromatic dispersion on our direct detection system. Section 2
gives an overview of time domain hybrid modulation
(TDH-PAM) and shows simulation results. Section 3 is
dedicated to DMT. Our simulation results for the DMT
setup are compared to the TDH-PAM setup. The results

ISBN 978-3-8007-4427-5

1.1

Flexible Data Rates

System designers have the ability to trade in capacity
against a higher reach or a higher quality of transmission
(QoT). Flexible networks should also have the option to
adapt to the varying data traffic demands, which occur in
data centers. Therefore, transceivers should be reconfigurable via software to change their data rate. There are different ways to change the data rate that could also be
combined [5]: the first option is to change the symbol
rate, which requires resampling in the DSP or a hardware
modification to change the clock rate. A second possibility is the use of a rate-adaptive forward error correction
code. This involves an implementation of different FEC
coders [6]. A third option, which will be discussed in this
publication, relies on changing the cardinality of the
modulation format.
In DMT systems, it is possible to change the data rate by
adapting the number of bits that are assigned to each
DMT-symbol in the bit loading (BL) process, which results in a fine granularity. In single-carrier systems, the
number of bits per symbol can only be adjusted in integer
steps, causing a coarse data rate granularity. For example,
switching from OOK to PAM-4 doubles the data rate at a
fixed symbol rate. One approach to fill the gap and allow
fractional numbers of bits per symbol is time domain hybrid modulation (TDHM), in which different modulation
formats are varied in the time domain. This method will
be explained in section 2 in more detail.

1.2

Influence of Chromatic Dispersion

Both DMT and PAM transmission suffer from accumulated chromatic dispersion of the SSMF when direct
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detection is used. Depending on the transmission length,
the phase shift of the signal caused by the dispersion leads
to destructive interference between the upper and lower
sidebands of the signal. This results in power fading after
detection with the photodiode. The magnitude of the
transfer function HDD of the fiber channel with direct detection can be written as [7]:

Data rate
56 Gb/s
64 Gb/s
74.67 Gb/s
89.6 Gb/s
112 Gb/s

  Dc 2 f 2 
HDD ( f , L)  cos 
L
(1)
c


with the fiber length L , the dispersion coefficient D and
the carrier wavelength c . It follows that the number of
spectral nulls increases with both the transmission distance and signal bandwidth. For example, after transmission over 20 km SSMF, the first spectral null is found at
+/- 13.5 GHz. DMT is more robust against the effect of
power fading, because the affected subcarriers will be excluded from the transmission in the bit loading scheme.
However, the resulting transmission capacity is reduced.
Power fading can be avoided, if a proper dispersion compensation is applied. Recent publications on PAM-4
transmission make use of optical dispersion compensation
[2] or apply a pre-compensation in the transmitter [8].
Another technique to prevent power fading is SSBtransmission whose effectiveness was shown for both
DMT [1] and PAM-4 [9][10] transmission. Since perfect
dispersion compensation is expensive and difficult to implement, we chose SSB transmission to avoid power fading. An SSB signal can be generated in different ways
[11]. A common method that is also used here, is filtering
the lower sideband at least partly at the transmitter side by
detuning the laser frequency. Therefore, we have a vestigial sideband (VSB) transmission.

2

Since the higher modulation format will dominate the
BER if the distance between the constellation levels is not
scaled, the power scaling between the two modulation
formats has to be optimized for TDHM transmission.

2.1

DAC
92GS/s

MZM

Digital Signal Processing

The signal processing for TDH-PAM is shown in Figure
1. The input bit stream was mapped to TDH symbols according to the scheme given in Table 1, and the power
levels of the modulation formats were adjusted. The signal was resampled from 56 GBd to the DAC sample rate
(92 GS/s) and a root raised cosine (RRACOS) filter with a
roll-off factor   0.3 was used for pule shaping.
At the receiver side, the DC component of the signal was
removed and the signal was matched filtered. Afterwards,
the signal was synchronized using cross-correlation and
resampled to twice the symbol rate for TS / 2 equalization.
In the B2B configuration, a 12-tap FFE was used for
equalization of the low-pass characteristics of the electrical components. The number of taps was adjusted to the
fiber length, resulting in a maximum of 64 taps at 150 km
fiber. The equalizer coefficients were estimated using the
Tx DS P
TDH-Mapping
PR Adjustment
Resampling
RRACOS
Shaping

The use of TDHM with DP-QAM modulation was proposed in [12] to efficiently occupy the ITU flex grid
channels in long-haul transport networks. TDHM transmits frames, in which different modulation formats with
different cardinality are successively combined on the
time axis. In our approach we combine OOK and PAM-4,
where 1 or 2 bits per symbol are encoded respectively.
The composition, i.e. the relative occurrence of the two
formats determines the overall data rate. Thus for a given
symbol rate of 56 GBd, data rates between 56 Gb/s and
112 Gb/s can be flexibly achieved by adjusting the frame
length and symbol distribution as shown in Table 1.

(DMT,
TDH-PAM)

Frame length
[symbols]
1
7
3
5
1

Table 1 TDHM frame structure for different data rates at
56 GBd.

Time Domain Hybrid-PAM

Tx DSP

TDHM
frame
[bits/symbol]
[1]
[1 1 1 1 1 1 2]
[1 1 2]
[1 1 2 2 2]
[2]

DAC

Rx DS P
ADC
DC-Block
Matched Filter
Synchronisation
Resampling
FFE
Resampling
Demapping
BER

Figure 1 Digital signal processing for TDH-PAM transmission.

ADC
160 GS/s

0-150 km
45 GHz

50 GHz

Rx DSP
(DMT,
TDH-PAM)

Figure 2 Transmission setup for an optical link between DC clusters. The setup is used in the simulations as well as in
the laboratory experiment.
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Figure 3 Power transfer characteristic of a MZM. The
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MMSE criterion. After equalization the signal was downsampled to the symbol rate, the TDH symbols were demapped and the BER was computed by error counting
(minimum 100 errors).

Figure 5 Simulated B2B performance of the VSB TDHPAM transmission. The HD-FEC limit (BER =3.8e-3) is
marked as a reference.

2.2

2.3

Simulation Setup

A realistic simulation model containing the low-pass
characteristics of the electrical components was designed
to investigate the TDH-PAM transmission. The block diagram can be found in Figure 2. The simulation parameters were chosen to be in accordance with our laboratory
hardware. The vertical DAC resolution was set to 8 bits.
The 3 dB-bandwidth of the DAC, electrical amplifier and
MZM was set to 32 GHz, 38 GHz and 31.7 GHz, respectively.
The optical link consists of an optical band-pass filter
with a bandwidth of 45 GHz, an EDFA as booster, a linear SSMF with a maximum reach of 150 km, and a second
EDFA for noise loading and pre-amplification. A second
optical filter (50 GHz bandwidth) was used to remove the
out-of-band optical noise before detection with a photo
diode with a bandwidth of 50 GHz. The optical filters
were modelled with 5th order Gaussian filters. The chosen
bandwidths would enable a transmission in the 50 GHz
grid. To filter out the lower side-band for VSBtransmission, the laser frequency was detuned from the
channel center by 20 GHz. The ADC bandwidth was
modelled as 63 GHz.

Simulation Results

One parameter that directly affects the transmission quality in a DD-system is the optical signal to carrier ratio
(OSCR). The OSCR can be controlled with the MZM bias
voltage and the driving voltage of the RF-signal. The possible bias range is marked in the power transfer function
of the MZM that can be found in Figure 3. The amount of
distorting beating interferences can be reduced when a
low OSCR is used [7].
On the one hand, a low OSCR can be obtained with a reduced driving voltage, which additionally decreases
MZM nonlinearities. On the other hand, the strong carrier
dominates the OSNR, resulting in a low effective OSNR.
Therefore, an optimum bias and driving voltage for each
OSNR value have to be determined. The resulting OSCR
values for a VSB PAM-4 B2B transmission and a transmission over 100 km linear fiber can be found in Figure
4. As expected, a lower OSCR was used for higher OSNR
values, because the beating interference dominates at high
OSNR.
The B2B performance of the VSB transmission for the
different TDHM frames can be seen in Figure 5. The
time domain hybrid formats fill the gap between 56 Gb/s
(OOK only) and 112 Gb/s (PAM-4 only). We find an
40
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Figure 4 Optimized OSCR for 112 Gb/s PAM-4 VSB
transmission. B2B scenario and 100 km (dashed).
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Figure 6 Required OSNR for BER = 3.8e-3 vs. different
fiber lengths for VSB TDH PAM transmission.
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OSNR penalty from 56 Gb/s (OOK) transmission to 64
Gb/s time hybrid transmission of around 4.5 dB at the
HD-FEC limit (BER = 3.8e-3). The required OSNR at the
FEC limit for different fiber lengths is depicted in Figure
6. Although the number of FFE taps was increased with
the transmission distance, the required OSNR increases
with the transmission length due to the non-ideal filtering
of the lower sideband. Additionally, a lower OSCR was
found to be optimal with increasing link length, as can be
seen in Figure 4. This leads to higher required OSNR
values. The OSNR penalty compared to the B2B setup is
7.2 dB for a 112 Gb/s transmission over 100 km. The
penalty decreases with the data rate and is 5.2 dB for
74.67 Gb/s and 2.9 dB for 64 Gb/s transmission.

3

FFT-size
Max usable data carriers
Cyclic prefix
Training symbols
Data symbols
Clipping PAPR
Modulation formats
Bias point

Table 2 Parameters for the DMT transmission setup. The
CP-length was adapted to the fiber length.
the IFFT. Hermitian symmetry was used to generate a real
signal, i.e. negative subcarriers are occupied with the
complex conjugate of its mirrored subcarriers [11]. Afterwards, the cyclic prefix (CP) was inserted and the signal was serialized. Depending on the bit rate, the signal
was symmetrically clipped to a PAPR between 7 - 10 dB.
At the receiver side, the signal was filtered before A/D
conversion to avoid aliasing. The DC portion was removed and the signal was sampled to the symbol rate.
The signal was synchronized with the first training symbol using cross correlation. After S/P conversion, the CP
was removed and the demodulation was performed with
the FFT. The channel was estimated with training symbols and used for a 1-tap zero-forcing equalizer. After P/S
conversion, the BER was computed.
Rx D SP
Tx DS P
Serial/Parallel
ADC
+ TS
Mapping (BL)
DC-Block
PL
Downsampling
IFFT
Synchronisation
+CP
S/P
P/S
-CP
Clipping
FFT
-TS
DAC
Equalization
Demapping
P/S
BER, EVM

Discrete Multi-Tone

First transmission experiments with direct detection optical DMT made use of a frequency gap between the optical
carrier and the signal in order to avoid the problem of signal-signal beating products, which overlap the signal
spectrum after detection [11]. However, the frequency
gap halves the spectral efficiency and (depending on
transceiver architecture) either half of the FFT is unused
or additional hardware (optical or electrical IQ-modulator
for up-conversion) is required. So, recent publications do
not use a frequency gap. Instead, the amount of beating
interference can be reduced by proper choice of the
OSCR, as discussed for the single-carrier setup. In comparison with PAM-modulation, DMT has a higher peakto-average power ratio (PAPR) which inherently reduces
the OSCR. To achieve higher OSCR values (and therefore
a higher effective OSNR), a bias point close to the zero
point of the power transfer characteristic of the MZM can
be chosen. On the other hand, a working point below the
quadrature point introduces more MZM-nonlinearities
[13]. Additionally, the signal can be clipped to reduce the
PAPR. Clipping is performed before the DAC and introduces clipping noise [14].
The electrical bandwidth limitations affect the DMT signal. Bit and power loading (BL/PL) is applied as an efficient approximation of the water filling solution. There
are different loading algorithms, such as the Chow &
Cioffi [15] or the Levin-Campello [16] algorithm. In this
publication, the Fischer-Huber algorithm [17] was used.

3.1

Figure 7 DSP of the DMT system. The signal processing
was performed offline using MatLab routines.

Digital Signal Processing

3.2

The DMT signal processing is sketched in Figure 7. At
the beginning of each transmission, a DMT signal with
uniform QPSK loading was transmitted to estimate the
SNR in each subcarrier. The error vector magnitude
(EVM) was used to estimate the SNR. After the loading
scheme was computed, the bit stream was first parallelized according to the loading scheme. The highest modulation format used in our setup was 128-QAM. After inserting the training symbols in the frame and applying
power loading, DMT modulation was carried out using
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2048
1023
12 - 48 samples
4
120
7 dB (56 Gb/s) - 10
dB (112 Gb/s)
BPSK - 128-QAM
0.6 V

Simulation Setup

The simulation setup was equivalent to the TDH-PAM
setup to allow a fair comparison. The DMT signal was
transmitted in frames consisting of four training symbols
for synchronization and channel estimation, followed by
120 data symbols. The cyclic prefix was adjusted to the
link length and ranged from 12 to 48 samples. The clipping level was optimized for each data rate. The minimum
clipping PAPR was 7 dB at 56 Gb/s transmission. For 112
Gb/s, a clipping ratio of 10 dB was chosen. An overview
of the used parameters is given in Table 2.
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Figure 9 Required OSNR at BER = 3.8e-3 for different
fiber lengths. VSB-DMT simulation with linear SSMF.
as VSB filter and could also be used as a WDMmultiplexer in future experiments. The bandwidth of the
Waveshaper was set to 45 GHz. In order to be able to
vary the optical launch power into the fiber, an EDFA followed by a variable optical attenuator (VOA) with a power monitor was used. The link consisted of up to 150 km
SSMF without inline amplification or dispersion compensation. In the receiver, noise loading was done with a
VOA and an EDFA, followed by an optical filter (50 GHz
bandwidth) to filter out the out-of-band optical noise. The
EDFA also allowed a proper adjustment of the input power into the photo diode (50 GHz bandwidth), since no TIA
was used to amplify the electrical signal after detection.
We measured the OSNR with an optical spectrum analyzer with 0.01 nm resolution and normalized the OSNR to
0.1 nm. For A/D conversion, we used a 160 GS/s sampling oscilloscope with 63 GHz bandwidth and 8 bits vertical resolution.

Simulation Results

3.5

Experimental Results

In Figure 10, the B2B performance of the VSB signal can
be seen. According to our simulation results, we set the
bias voltage to 0.6 V and reduced the output voltage of
the AWG to obtain the maximum driving voltage behind
the amplifier ( Vpp  3.84 V ) for this bias point.

Experimental Setup

We tested the described DMT system in a lab experiment.
DSP and further parameters are equivalent to the simulation setup. Digital signal processing was performed offline. For the signal generation, we used a 92 GS/s arbitrary waveform generator with 1V peak-to-peak signal
amplitude and 8 bits nominal resolution. The DAC bandwidth was nominally given with 32 GHz, but as no precompensation of the sin( x) / x DAC roll-off was used, we
measured an effective bandwidth of around 25 GHz. To
obtain the proper signal voltage for the MZM, we used a
linear amplifier with 30 dB gain ( f3dB  38GHz ) com-

The launch power into the fiber was set to -2 dBm. For 56
-1

10

74.67 Gb/s
64 Gb/s

-2

10

BER

56 Gb

112 Gb/s

-3

10

bined with attenuators. The resulting maximum peak-topeak voltage (4.8 V) was equal to V of the used Avanex
SD-40 intensity modulator ( f3dB  31.7 GHz ). We used an

89.6 Gb/s

-4

10

ECL with 16 dBm power as optical carrier with a carrier
frequency of fc  193.4THz , resulting in a detuning of
21.9 GHz from the optical filters. A Waveshaper served
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74.67 Gb/s

-0.5

We first conducted a simulation to evaluate the effect of
different bias voltages on the required OSNR. Therefore,
we varied the bias point from the zero point of the power
characteristic ( V ) to the quadrature point ( 0.5V ) in a
DSB B2B setup. In contrast to the other simulations, the
optical filter bandwidth was set to 100 GHz and no laser
detuning was applied. For low bias voltages, a linearization of the signal was done after the detection. The results
can be seen in Figure 8. For every data rate, a minimum
required OSNR with and without linearization was determined. Since the required OSNR is identical in both cases, linearization was avoided in the following simulations
and a bias voltage of 0.6 V was set.
In Figure 9, the required OSNR for the HD-FEC limit is
shown. We varied the length of the linear fiber up to 150
km. Compared with the TDH-PAM setup, we received a
higher required OSNR of around 4 dB, which is a result
of the lower OSCR and clipping noise.

3.4

89.6 Gb/s

35

25

Figure 8 Required OSNR for DSB-DMT in the B2B simulation for different MZM bias voltages. Dashed: with
linearization in the receiver.

3.3

40

20

25
30
OSNR [dB]

35

40

Figure 10 Measured B2B performance of VSB DMT for
different data rates.
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Req. OSNR [dB]

45

4

We showed that both DMT and TDH-PAM VSBtransmission are potential candidates for next generation
data center connections for up to 100 km and beyond.
TDH-PAM improves the flexibility of single-carrier systems with direct detection and therefore is a simple alternative to DMT. By using optical filters for VSB-filtering,
no dispersion compensation has to be added to the link.
The MZM-bias point and driving voltage have to be chosen carefully in both transmission systems, because a
proper OSCR can significantly improve the QoT.
We experimentally validated the DMT system. The
transmission distance was mainly limited by the higher
required launch power for longer fiber distances. Comparing the required OSNR for DMT to time domain hybrid
single carrier transmission, we found that DMT required
approximately 4 dB more OSNR than TDH-PAM.

40
112 Gb/s

35

89.6 Gb/s

30

74.67 Gb/s
64 Gb/s
56 Gb/s

25
0

50

100

150

L [km]

Figure 11 Required OSNR at BER = 3.8e-3 for the experimental VSB-DMT transmission.
Gb/s, an OSNR of approximately 25 dB was required at
the HD-FEC limit (BER = 3.8e-3). A data rate of 112
Gb/s required 35 dB OSNR. This corresponds to our simulation results in Figure 9. Due to the clipping and quantization noise, an error floor can be observed at high
OSNR values.
Figure 11 shows the required OSNR for different fiber
lengths. The lower data rates show a nearly constant performance up to 100 km with a slight increase in the
required OSNR due to the longer CP. The transmission
distance was limited by the nonlinear behavior of the fiber. At longer distances, the launch power had to be increased to obtain high OSNR values. For 112 Gb/s, the
link length was limited to 50 km (notice, that at 25 km, a
slightly different bias and the laser drift caused a higher
BER).
The nonlinear behavior at high launch powers is visible in
Figure 12. The 74.67 Gb/s signal required 33 dB OSNR.
Due to the attenuation of the fiber, we needed a launch
power of 7 dBm to reach this OSNR.
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