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Abstract: We present high speed real time, error free 4-PAM transmission
for short range optical links based on a VCSEL operating at 850 nm, a
multimode fibre and a simple intensity detector. Transmission speeds of
25 Gbps and 30 Gbps are demonstrated, and the maximum fibre reaches
were 300 m and 200 m, respectively. The 4-PAM is aso compared with
OOK transmission at 25 Gbps, and we find that at this bit rate 4-PAM
increases the error free transmission distance in the multimode fibre by 100
m, compared to OOK.
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1. Introduction

The growing demand for increased transmission speed in applications such as optical intercon-
nects and local area networks motivates the development of fast and low cost optical solutions
using vertical cavity surface emitting lasers (VCSELS) and multimode fiber (MMF). Graded
index MM F was used to reduce the impact of modal dispersion and extend the reach compared
to legacy MMF, but recent development of VCSEL s capable of operating at bit rates of up to
40 Gbps at the wavelength of 850 nm [1] and 44 Gbps at the wavelength of 980 nm [2], shows
that the transmission distance at these high bit ratesis very limited if on-off keying modulation
(OOK) is used. Multilevel modulation, with higher spectral efficiency, is a way of extending
the reach of multimode fiber at high bit-rates. Because of cost constraints, intensity modulation
and direct detection (IM/DD) are appealing in short range optical networks. There are two main
possibilities for spectrally efficient modulation formats in IM/DD links, pulse amplitude mod-
ulation (PAM), and subcarrier modulation (SCM). The 4-PAM was investigated theoretically
up to 20 Gbps and experimentally at 10 Gbps for use with directly modulated lasers[3]. In [4],
4-PAM eye diagrams with electronic predistortion at 32 Gbps are reported, proving the feasi-
bility of 4-PAM at high datarates. Single cycle subcarrier modulation with 16 level quadrature
amplitude modulation was also demonstrated in links using VCSELs and MMF [5], with rea
time transmitter and was off-line processing in the receiver. Discrete multitone modul ation was
demonstrated at 30 Gbps for the same type of link [6], with off-line processing.

There are constraints for modulation formats complexity in short range optical links, espe-
cially those used for data communication, e.g. in supercomputing and data center applications.
The limitations come from power consumption, heat generation, and spatial density require-
ments. 4-PAM offers the lowest implementation complexity of all the modulation formats with
spectral efficiency of 2 bits/second/Hz. Real-time hardware for transmitters and receivers for
4-PAM are aready developed [7, 8]. In laboratory conditions, 4-PAM modulation can be gen-
erated in real time. The bit error rate (BER) measurement can also be donein real time.

Inthis paper, we present transmission at 25 Gbps and 30 Gbps using 4-PAM over 300 and 200
meters of MMF, respectively. The 4-PAM signal generation and BER measurements were per-
formed in real time. We also compared 4-PAM and OOK modulation at 25 Gbps, and demon-
strated that an increase in transmission distance can be achieved by using 4-PAM instead of
OOK at the same hitrate. No equalization was used in the receiver, nor was any predistortion
used in the transmitter.

2. Experimental setup

2.1. 4-PAM signal generation

The main advantage of the 4-PAM modulation format is its simplicity. The experimental bit
error rate measurement of 4-PAM modulation can be done with standard BER test equipment
designed for OOK. In our experiments the 4-PAM signal was generated from two binary PRBS
data signals of length 27 — 1, at 12.5 Gbps and 15 Gbps for 25 Gbps and 30 Gbps 4-PAM, re-
spectively. With thismethod, only natural mapping of bitsto symbol ispossible. The amplitudes
of the binary signals were approximately 900 mV and 450 mV, but they were tuned slightly to
adjust the resulting 4-PAM signal level spacing. The two binary signals were decorrelated by
half of the PRBS pattern length, to reach all possible level transitions in the resulting 4-PAM
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Fig. 1. The experimental setup. The outputs of the pattern generator are individually ad-
justable with regard to amplitude and delay and also phase matched.

signal. The OOK signals were phase matched before being coupled together. The 4-PAM gen-
erator along with bit to symbol mapping are illustrated in Fig. 1.

2.2. Theoptical link - VCSEL, fibre and photodetectors used in the experiments

The generated 4-PAM signal was fed to a VCSEL through a bias-T. The VCSEL, having ap-
proximately 20 GHz modulation bandwidth, was described in an earlier publication [9]. The
VCSEL bias and modulating signal amplitude were experimentally optimized for the best per-
formance, the optimal bias current was found to be 7 mA for the driving signal peak to peak
voltage of 1.35 V. The modulation current could not be easily and reliably measured. The VC-
SEL was operated at room temperature without cooling. Between the VCSEL and the photore-
ceiver, an OM 3+ graded index multimode fiber was used, with a bandwidth-distance product
of 4700 MHz-km. A variable optical attenuator was used to vary the optical power. At the re-
celver, an amplified photoreceiver (PR) with 12 GHz bandwidth was used, which was the most
bandwidth-limiting component in the experiment, apart from the transmission fiber.

2.3. Real timebit error rate measurement

The BER measurement was performed using an error analyzer (EA) designed for conventional
OOK modulation. For the 4-PAM modulation three decision levels are applicable, each of the
levels being between a pair of two adjacent symbol levels. The total symbol error rate was
derived from error rate measurements done on each of the 4-PAM threshold levels. Given that
we have four symbols denoted as &, S, S and S3, there are three decision levels between the
adjacent symbols: L, L, and L3. A symbol error is detected when a symbol § is transmitted
and asymbol S; is received, wherei is not equal to j. The conditional probability of receiving
Sj when § was transmitted is denoted with RBj. In the high signal to noise ratio (SNR) case
(which corresponds to low BER), when it can be assumed that only errors between the nearest
neighboring symbols happen, and given that natural bit to symbol mapping, the total BER is
given by

1
BER = < (Pov+ Pio+ 21z + 2P + Pos + Paz). @

The high SNR region of operation isthe most interesting one, because a practical linkswould
be operated in this fashion. Forward error correction would have to be implemented to enable
operation in the low SNR region, which would probably be challenging in the targeted appli-
cations of short range optical links. The error rate measurements ER;, ER», ER3 at each of the
consecutive decision levels Ly, Lo and L3 can be expressed in terms of B asfollows:

1 1 1
ERy = Z(P01+ Pwo), ERx= Z(P12+ P1), ERz= Z(P23+ Ps2). )

The error rates at each of the levels were measured with the EA pre-programmed with a
pattern corresponding to each of the levels. The aggregate BER can thus be obtained from
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BER= %ER1+ER2+%ER3 A3)

The complete experimental setup for 4-PAM measurementsis shownin Fig. 1.

2.4. OOK experimental setup

For the experiments with OOK at the bitrate of 25 Gbps the setup was simplified. The same bit
pattern generator and error analyser were used, but without generating the 4-PAM signal. The
peak to peak amplitude of the signal driving the VCSEL was the same as for the 4-PAM case,
which was 1.35 V. Because an amplified photoreceiver for the wavelength of 850 nm with suf-
ficient electrical bandwidth for 25 Gbps OOK operation was not commercially available at the
time, a non-amplified photodetector having 25 GHz bandwidth was used. A discrete amplifier
was used to amplify the signal from the photodetector. Although this receiver configuration has
higher bandwidth that the photoreceiver used for 4-PAM, it has somewhat worse noise perfor-
mance. The main reason is that a photodiode is a current source and the discrete amplifier isa
voltage amplifier, so the power transfer between these two components is not optimized.

3. Resultsof 4-PAM experiments

The quality of the 25 Gbps 4-PAM signal in the back-to-back (B2B) configuration isillustrated
by the eye diagram in Fig. 2a. No predistortion or equalization was done to the signal. The
eye diagram of the signal after propagation through 200 m and 300 m of MMF is illustrated
in Fig. 2b and Fig. 2c. In Fig. 3a, the eye diagram of the 30 Gbps signal in the B2B case is
illustrated, and in Fig. 3b for propagation over 200 m of MMF. Note that because the tran-
simpedance amplifier in the photoreceiver was inverting, the modulation level one having the
highest power islowest in the eye diagrams of the figures.

The B2B eye diagrams for both 25 Gbps and 30 Gbps do not show any distortion related to
non-linearities of the VCSEL itself. In many of the reported 4-PAM experiments the modul ation
amplitude of the signal driving the VCSEL is adjusted to stay in the linear region of the output
power to driving current relationship (the P-1 relationship). One has to keep in mind however,
that the semiconductor lasers have much more linear performance for high frequency signals,
for which the thermal effects are much less pronounced [10]. In general the spurious free dy-
namic range (SFDR) increases with the bias current, and may continue to increase beyond the
thermal roll-over point of the static P-I characteristics [11]. Therefore, we have experimen-
tally optimized the driving signal to obtain the best eye opening. Typica SFDR, for the batch
from which the VCSEL used for the experiment came, was above 90dB - Hz%/3, and degraded
significantly above the —3 dB point.

Fig. 2. Eye diagrams at 25 Gbps, after B2B (@) and after propagation over 200 m of MMF
(b) and 300 m of MMF (c). The eye diagrams were taken at around 0 dBm received optical

power.
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Fig. 3. Eye diagrams at 30 Gbps, after B2B (@) and after propagation over 200 m of MMF
(b), taken at around 0 dBm received optical power.

There are however other impairments, which are visible in the eye diagrams. The highest
power modulation level is the most broadened. It could be due to the relative intensity noise
(RIN) or modal noise, since more modes are excited in the VCSEL as the output power in-
creases. Thereisaso level splitting at the top level. More detailed analysisis required to accu-
rately determine the origin of these impairments.

The BER results for the 25 Gbps transmission are illustrated in Fig. 4a. The maximum prac-
tical distance of the OM3+ MMF over which error free transmission can be achieved is 300 m.
For the length of 400 m, there is an error floor, due to the modal dispersion. The BER for 30
Gbps transmission is shown in Fig. 4b. In this case, the maximum propagation distance is 200
m of the same MMF, and thereis an error floor for 300 m of MMF.

4. Experimental comparison with OOK

The BER results for experiments with OOK at 25 Gbps are illustrated in Fig. 5a. Sensitivities
at BER of 109 for all measured modulation formats are illustrated in Fig. 5b. The absolute
sensitivity, which is around —5 dBm at BER of 109, is around 1.5 dB worse that the result
achieved with 4-PAM at the same hitrate (25 Gbps). The reason for that isthat different receiver
configurations were used for each of the modulation formats. For 4-PAM a 12 GHz photore-
ceiver with an integrated transimpedance amplifier (TIA) was used, but for OOK a 25 GHz
photodetector and a discrete voltage amplifier was used. Theoretically, it is expected, that the
4-PAM modulation would require 4.8 dB more optical power at the same symbol rate [12]. At
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Fig. 4. BER resultsfor 4-PAM transmission at 25 Gbps (&) and 30 Gbps (b).
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Fig. 5. BER results for OOK transmission at 25 Gbps (a) and comparison of sensitivities
for the three tested cases (b).

the same bit rate 4-PAM should require only 3.3 dB more optical power [13], because of the
bandwidth being reduced by half, compared to OOK. Thisis however offset by the fact, that the
configuration of a photodetector and a discrete voltage amplifier has worse noise performance
than a photoreceiver with an integrated TIA which was available for 4-PAM because of the re-
duced symbol rate. The propagation penalties in the multimode fibre are higher for OOK than
for 4-PAM. While 4-PAM performance degradation after 100 m of the used MMF is negligible,
OOK degrades by 1 dB. After 200 m of the MMF, OOK degrades by 5 dB, while 4-PAM de-
grades only by around 1 dB. Thisis also the maximum propagation distance for OOK, i.e. 100
m less than for 4-PAM at the same bit rate.

5. Conclusions

We show 25 Gbps and 30 Gbps, error free, 4-PAM transmission over 300 m and 200 MMF re-
spectively using directly modulated VCSELSs. The BER is measured in real time down to 1012
and there is a large power margin for error free operation. The VCSEL itself is not a limiting
factor but the lack of photoreceivers with sufficient bandwidths is limiting the high-bandwidth
performance. In this situation, 4-PAM is a viable aternative. Due to the better spectral effi-
ciency of 4-PAM the transmission distance in MMF isimproved over what would be expected
from transmission using OOK. The 4-PAM format has also lower complexity than subcarrier
formats, which were demonstrated at a higher bitrate [5], but with only the transmitter working
inreal time. We have also showed that 4-PAM has significant benefits compared to OOK at the
same bit rate. The transmission distance in MMF is significantly extended, and the hardware
requirements are relaxed, so that existing components with lower bandwidth can be used.
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