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1. OPTIMIZATION OF THE PAM-4 WAVEFORM

Since both sections of the PAM-4 modulator operate in traveling-
wave mode, the RF performance of the modulators are suscepti-
ble to RF reflections due to impedance mismatch. To investigate
the effects of different termination resistance on the performance
of the modulator, the termination of the traveling-wave elec-
trode in our designs is made of a network of parallel resistors
whose wiring can be cut in the top metal level using focused-ion
beam to yield 20, 30, 40, or 50 (2 impedance (Fig. S1(a)).

The frequency response of the electro-optic (EO) modula-
tion is analytically calculated based on a model adapted from
[1], which accounts for all major contributions to the frequency
response: RF loss, velocity mismatching and impedance mis-
matching. Experimentally measured RF attenuation (x;, =
45 \/]7 (dB/v/Hz- cm)), optical group index (11, = 3.6), RF group
index (ng,rp = 3.5) and characteristic impedance of the transmis-
sion line (Z, = 30Q}) are used in the model. Fig.S1(b) shows the
simulated frequency response of the long section of the PAM-4
modulator as a function of the termination resistor value (Z;).

Fig.S1(b) shows that the impact of the termination resistance
on the modulator EO response is most significant at frequencies
below 10 GHz. The magnitude of the EO response at frequencies
higher than 10 GHz is approximately the same for all termina-
tion values. When Z; < Z,, the EO response below 10 GHz is
suppressed, effectively increasing the modulation bandwidth.
This behavior has been reported previously [2]. While a lower Z;
will increase the modulation bandwidth, the time-domain wave-
form is optimized when termination impedance is perfectively
matched to the characteristic impedance of the transmission line,
Zy = Z,.

Fig.S2 shows three NRZ eye diagrams experimentally mea-

sured on the long segment of the PAM-4 MZM with termination
resistance of 20, 30 and 40 () respectively. The eye diagrams are
taken at a low bit rate of 10 Gbaud to better contrast the ring-
ing features within the longer bit time period. Although not as
clearly visualized, the effects are similar at 25 Gbaud. When the
termination is at 20 Q) (upper eye), which is low, undershoot ring-
ing is visible on the bit transition edge. When the termination
is at 40 () (lower eye), which is high, overshoot ringing is ob-
served. The eye is only optimized when the termination resistor
is matched to the characteristic impedance of the transmission
line (30 ), middle eye).

The degradation due to impedance mismatch has a larger
effect in a PAM-4 waveform than it does in an NRZ waveform
because the overshoot and undershoot ringing have excursions
into the neighboring eyes in a PAM-4 waveform and reduce eye
openings. To illustrate the effect, we compare the experimental
eye diagrams of two PAM-4 transmitter, one with a lower (20
) termination, and another with a well-matched (30 Q0) termi-
nation (Fig. S3). In Fig.S3 (a), for 20 () termination, both the
vertical and horizontal eye openings are reduced because of
overshoot excursions into neighboring eyes. For the case of a 30
Q) termination (Fig. S3(b)), which is matched to the transmission
line, the openings of the three eyes are significantly improved.

REFERENCES

1. K. Kubota, J. Noda, and O. Mikami, “Traveling wave optical
modulator using a directional coupler LiNbO3; waveguide,”
Quantum Electronics, IEEE Journal of 16, 754-760 (1980).

2. H. Yu and W. Bogaerts, “An equivalent circuit model of the
traveling wave electrode for carrier-depletion-based silicon
optical modulators,” Journal of Lightwave Technology 30,
1602-1609 (2012).


http://dx.doi.org/10.1364/optica.99.099999.s1

[}

w ' :

& 720 O

g 1 — 7-aall

9_.) —Zl=3OQ

e 0| —z=400|

o Q

o m

e

82

s &

z 9

N

© 4t

£

(s} L ) ' ! .
5

Z o 5 0 15 20 25

Frequency (GHz)

Fig. S1. (a) Micrograph of the PAM-4 transmitter. The four
red squares highlight the location of the termination resistor
network, which is magnified in the inset. The termination of
both MZM segments consist of a network of five parallel re-
sistors (60, 60, 120, 200, and 300 ), which can be cut using
focused-ion beam to yield 20, 30, 40 or 50 Q). (b) Theoretical
electro-optic 15211 response for the long MZM segment for
termination values of 20, 30 and 40 () respectively. The mea-
sured characteristic impedance of the transmission line (Z,) is
30 Q).
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Fig. S2. The measured 10 Gbaud eye diagrams from the

long segment of the PAM-4 modulator for 20 (low), 30 (well-
matched) and 40 Q) (high) termination, which cause overshoot,
well-matched and undershoot features during bit transitions.

(a) 20 Q termination (b) 30 Q termination

28 Gbaud
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Fig. S3. (a) PAM-4 waveforms at 25 Gbaud (top) and 28
Gbaud (bottom) respectively for termination resistance value
of 20 (); (b) PAM-4 waveforms at 25 Gbaud (top) and 28
Gbaud (bottom) respectively for termination resistance value
of 30 Q. All the eye diagrams are taken with 23! — 1 bit PRBS.
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