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P-N dual-drive scheme enabling silicon photonics
modulators operating at 200 GBaud
Ke Li,1,2,*,† David Thomson,2,4,† Junbo Zhu,1,† Zhen Chen,1 Weiwei Zhang,2

Lingjun Zhou,1,3 Yunchen Li,1,3 Shenghao Liu,2 Wei Cao,2 Xingzhao Yan,2

Callum Littlejohns,2 Martin Ebert,2 Colin Mitchell,2 Fan Zhang,3 Zhixue He,1

Lei Wang,1 Xi Xiao,1 Shaohua Yu,1 AND Graham Reed2,5

1Pengcheng Laboratory, Shenzhen 518000, China
2Optoelectronics Research Centre, University of Southampton, Southampton SO17 1BJ, UK
3State Key Laboratory of Photonics andCommunications, School of Electronics, Peking University, Beijing 100871, China
4D.Thomson@soton.ac.uk
5G.Reed@soton.ac.uk
†These authors contributed equally to this work.
*lik01@pcl.ac.cn

Received 8 April 2025; revised 7 May 2025; accepted 7 May 2025; published 6 June 2025

We present a design concept for the next generation of optical
modulators. The demonstrated driver–modulator integrated
silicon photonics transmitter can operate at 200 GBaud, while
the power efficiency of the driver is 2.5 pJ/bit.
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Optical modulators are crucial components in modern informa-
tion and communication infrastructure. Several recent optical
modulators, based on thin-film lithium niobite [1,2] and elec-
tronic plasmonics [3], have demonstrated outstanding bandwidths
>110 GHz. All-silicon P-N junction-based modulators are
favored by standard CMOS fabrication foundries; however, they
seem to be near the limits of operation speed. The challenge faced
in optical modulator designs is to achieve the most balanced per-
formance in terms of high bandwidth, low optical insertion loss,
low drive voltage, low fabrication cost, small device footprint,
and device reliability. Sacrificing one or two metrics could easily
boost other metrics but render the device unsuitable for practical
deployment. Such a dilemma has occurred in pursuing high-
speed all-silicon modulators. Previous works [4,5] have shown
that silicon modulators can operate beyond 110 GHz when,
e.g., the modulation efficiency or the optical insertion loss can be
non-optimal.

Contrary to the traditional trilemma (bandwidth vs. modu-
lation efficiency vs. insertion loss), we introduce a new design
philosophy. We intentionally exploit the semiconductor properties
of the P-N junction to perform signal shaping during modulation.
As highlighted in Fig. 1(a), it is well known that optical phase
change can be derived by applying different voltage signals to the P-
doped region and the N-doped region of the phase shifter. Previous
work [6] only adopted this feature to enhance the modulation

depth, whereas we believe this mathematical relationship is ideal
for signal processing. An ideal case is illustrated in Fig. 1(b), where
two pairs of differential signals are coupled to the P- and N-doped
regions, with the signal coupled to the N-doped region incorpo-
rating a low-pass frequency filter response and the signal coupled
to the P-doped region with a high-pass frequency response. The
overall modulation process then re-constructs the signal into an
idea square wave. Such a procedure could be expanded into a gen-
eral case, which is shown in Fig. 1(c). The original electrical signal
could be “sliced” into N different frequency components; the
re-construction of the original signal could then be realized within
the procedure of electro-optic modulation by selectively coupling
N different frequency components to the P-doped and N-doped
regions, respectively.

Our previous work [7,8] has demonstrated that inductive
peaking could be utilized for modulator bandwidth enhancement
by designing a T-coil structure resonant for a specific frequency.
The above-mentioned spectral construction procedure hints that
driver amplifiers and the inductive peaking structure coupled to
each P- and N-doped region could be selectively designed with
different resonant frequencies. Therefore, the overall modulation
procedure could then combine N different peaking frequencies
into a total new frequency response. Notably, such an E-O con-
vergence arrangement significantly expands the bandwidth of
silicon photonic modulators without compromising modulation
efficiency and optical insertion loss.

To verify the proposed concept, a driver–modulator combi-
nation has been designed for which their layouts are shown in
Fig. 1(e). Based on the EM simulation approach that we have
described in [8], the 28 nm CMOS driver and the termination
chip have been co-designed with the photonics chip, with the
circuit diagrams shown in Fig. 1(c). The driver splits external
differential signals, directing them to separate P-driver and N-
driver chains, each designed with distinct peaking frequencies (a
few GHz to 100 GHz range). The power supplies of these two
types of drivers are routed to separate PADs, so that they can be
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Fig. 1. (a) Conceptual illustration of the PN dual-drive phase shifter. (b) Conceptual illustration of signal shaping under the PN dual-drive scheme.
(c) Schematic of the proposed SiP transmitter. (d) Cross section of the modulator. (e) Microscope view of the CMOS driver and the packaged SiP transmit-
ter. (f ) Measured EO response of the devices under different drive schemes. (P node drive only/N node drive only/PN dual drive). (g,h) Measured optical eye
diagrams at 182 GBaud (g) and 200 GBaud (h) with the input electrical signal provided as reference.

independently powered off. Far-end termination resistors are
coupled to different DC bias voltages, which are used to control
the reverse bias of the PN junction. The modulator was fabricated
via the CORNERSTONE platform with doping concentrations
of 2.55e17 cm−3, 8.5e17 cm−3, 1e20 cm−3, and 1e20 cm−3 for the
n, p, n++, and p++ regions, respectively. The RF electrodes of the
modulator have been designed as a PN junction-loaded bifilar
transmission line [key dimensions: Fig. 1(d)]. When operating at
1550 nm, test structures showed an efficiency of 1.8V · cm at 2V
reverse bias with an optical insertion loss of 3.02 dB/mm. Since
this new design has adopted the PN dual-drive scheme, the overall
phase-shifter length in this design is chosen to be 1.0 mm, which
can provide similar modulation depth to the 2.0 mm long phase
shifter in the traditional push–pull configuration.

The E-O response [Fig. 1(f )] was characterized by using a
Lightwave Component Analyzer (Keysight N4372E) in dif-
ferential mode. The power level of each electrical port is set at
−12 dBm, whereas the power supply of the drivers coupled to the
P-doped and N-doped regions is switched on/off to demonstrate
the proposed new concept. The results are shown in Fig. 1(f ).
The P-doped region driven scenario (green curve) exhibits four
resonant frequencies at peaks labeled regions 3, 5, 6, and 7, while
the N-doped region driven scenario (orange curve) demonstrates
three distinct peaks at positions labeled regions 1, 2, and 4, and one
shared peak labeled region 7. Under co-driving conditions (blue
curve), a distinct frequency response emerges, with all seven peak
frequencies precisely aligning with independent driving results,
which justifies the proposed PN dual-drive scheme. Notably, the
CMOS driver, fabricated in 28 nm bulk CMOS with a peak f t
of 270 GHz, presents significant design challenges for 100 GHz
power amplifiers. Even under such constraints, only −6.5 dB
attenuation at 100 GHz is recorded, which makes 200 GBaud
operation achievable.

For eye-diagram measurement, 200G OOK signals were pro-
duced using a Keysight AWG 8199B [Fig. 1(h) (bottom)]. The
observed limited eye opening of the electrical signal confirms the
AWG’s bandwidth limitation. Furthermore, operating at maxi-
mum bandwidth, the Keysight N1032A optical sampling head
exhibits an elevated 300µW RMS noise floor, degrading the SNR.
By limiting its bandwidth to 80 GHz (120 µW RMS noise), with

additional 50-tap FFE compensation in the DCA, we character-
ize the eye diagram in JITTER MODE, accounting for all noise
sources. Results show a 1.19 dB extinction ratio and 1× 10−2 BER
[Fig. 1(h)], which is better than the soft-decision forward error
correction limits (2× 10−2) [8]. Reducing speed to 182 GBaud
OOK [Fig. 1(g)] yields open-eye patterns (BER= 6× 10−5)
even with degraded EO response (−10.9 dB@90 GHz versus
−6.5 dB@100 GHz), using identical testing configurations
(FFE coefficients). Driver power consumption (including the
termination side) was 497 mW at 200 GBaud OOK, equating to
2.5 pJ/bit.

In conclusion, we have demonstrated the first E-O integrated
all-silicon transmitters that can operate up to 200 GBaud with
practical modulation efficiency and optical insertion loss. Besides
high-speed operation, the key contribution of this work is a new
scheme for signal processing within the E-O modulation process,
which is not only fit for silicon modulators but can also be broadly
used for other modulator technologies designed in other materials,
providing that it is optical waveguide based. This may in turn lead
to a revolutionary change for optical modulator designs in the
context of E-O convergence.
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