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We report the design of a 112 Gb/s radiation-hardened (RH) optical transceiver applicable
to intra-satellite optical interconnects. The transceiver chipset comprises a vertical-cavity
surface-emitting laser (VCSEL) driver and transimpedance amplifier (TIA) integrated
circuits (ICs) with four channels per die, which are adapted for a flip-chip assembly
into a mid-board optics (MBO) optical transceiver module. The ICs are designed
in the IHP 130nm SiGe BICMOS process (SG13RH) leveraging proven robustness
in radiation environments and high-speed performance featuring bipolar transistors
(HBTs) with fr/fmax values of up to 250/340 GHz. Besides hardening by technology,
radiation-hardened-by-design (RHBD) components are used, including enclosed layout
transistors (ELTs) and digital logic cells. We report design features of the ICs and
the module, and provide performance data from post-layout simulations. We present
radiation evaluation data on analog devices and digital cells, which indicate that the
transceiver ICs will reliably operate at typical total ionizing dose (TID) levels and single
event latch-up thresholds found in geostationary satellites.

Keywords: very high throughput satellites, photonic payloads, optical interconnects, optical transceivers, VCSEL,
photodiode, satellite communication

INTRODUCTION

Satellite operators expect the telecommunication satellite industry to deliver ever more efficient
systems solutions to reduce the cost per bit on orbit and to improve their own service offering.
A brand new class of very/high throughput satellites (V/HTSs) is thus being developed that
pushes the next frontier in the terabit/s range and will be delivered from now on. A V/HTS relies
on sophisticated antenna coverage based on extensive frequency reuse and many narrow spot
beams. Migration to higher frequencies (Ka, Q/V, W...) makes larger bandwidth available. V/HTS
solutions are designed to support flexibility in various aspects: coverage, connectivity, frequency
plan and channelization, bandwidth, and power allocation. Basically, a V/HTS must be able to
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FIGURE 10 | VCSEL driver top layout with block functions identified.

Physical Design and Performance

The VCSEL driver top layout view where the main areas
of the chip are identified is shown in Figure 10. To assess
performance, post-layout simulations were performed after
parasitic extraction. The test bench includes pseudo-random
binary sequence (PRBS) generation for input differential voltage
swing, AC-coupling caps and models for module routing through
the connector and interposer, and transmission lines (TL)
to reach the extracted net list block for the driver input.
Equivalently, the driver output is connected to the VCSEL model
block through a transmission line model for output routing. The
schematic of the test bench is shown in Figure 11A.

In Figure 11B, 28-Gb/s eye diagrams are presented for the
scenarios detailed in Table 4. Motivated by pushing for the
lowest power consumption within the link budget, a 3/7mA
swing was chosen as an affordable choice for relatively low
temperatures (best case). However, at increased temperatures,
the eye of this current setting might be challenged as bandwidth
drops to borderline in meeting the required speed (worst case),
so an increase in current might be required to 4/8 mA, which
represents the nominal point of operation. At 25°C, power

consumption is 74 mW per lane, which grants the driver an
energy efficiency of 2.64 mW/Gb/s.

TRANSIMPEDANCE AMPLIFIER IC
CIRCUIT

From System to Circuit: TIA Requirements
Prior to starting the TIA development, the design parameters
and their range must be fixed. We determined the worst-case
scenario as an operation at the highest temperature and having
maximum losses within the channel. In this case, the TIA should
demonstrate minimum noise performance and maximum gain.
On the other hand, the best-case scenario implies operation at
low temperature with low losses. In this case, the TIA must be
able to process high input current. Correspondingly, the noise
requirements are relaxed, and the transimpedance gain should be
decreased to avoid saturating the circuit. A system-level analysis
of the optical link (Section 1) results in TIA requirements,
summarized in Table 5. It is assumed that each TIA channel
should deliver 400 mVpp differentially into a 100-2 load at
a 28 Gb/s data rate.
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FIGURE 11 | VCSEL driver test setup. (A) Schematic test bench for performance simulations that include EM models for routing. (B) Simulated worst, typical, and
best-case eye diagrams for 28 Gb/s.

TABLE 4 | Vertical-cavity surface-emitting laser driver design scenarios.

TABLE 5 | Transimpedance amplifier design parameter range.

Scenario Temp Ext. ratio lycsel-low lvcsel-high Scenario Temp, °C Z1ia lin-noise lin-max
Best case 25°C 5.17 dB 3mA 7 mA Best case 0 66 dBQ 6.2 WArms 330 pnA
Nominal 85°C 3.59 dB 4mA 8 mA Nominal 27 69.8 dBQ 4.1 pAms 220 pnA
Worst case 85°C 5.75dB 3mA 7 mA Worst case 85 75 dBQ 2 WAms 127 pA
To cover the transimpedance range, shown above, Transimpedance Amplifier Circuit Design

controllability has to be implemented. Another design parameter
that should have a possibility of external adjustment is a TIA
output swing. It can be useful not only for compensating module
losses but also losses in the signal path outside of the module.

If we consider the targeted power efficiency for a transceiver to
be at 10 mW/Gb/s, assuming equal power distribution between
both ICs, then the TIA/driver power consumption goal results in
140 mW per channel. One way to reduce the power consumption
for high-speed circuits is operating at the lowest possible supply
voltage while keeping the required eye-opening at a given data
rate. Thus, another TIA design requirement will be reliable
operation within a wide supply voltage range, which was set to
be in the range of 2.5-3.3 V. Having all the TIA requirements
determined, TTA circuit design can be conducted.

The four-channel TIA, as shown in Figure 12, consists of the
following building blocks:

TIA cores, each having a single-ended input and a
differential output

16 digital-to-analog converters (DACs) to set the bias currents
in the TTAs

RH digital interface (SPI) to control the DACs

low pass filter for photodetector (PD) biasing

temperature sensor

As a TIA core, a common-emitter amplifier with resistive shunt
feedback has been chosen (Figure 12). This architecture is well-
known for its broadband response and good noise performance.
However, it has a low power supply rejection ratio, which
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FIGURE 12 | TIA IC block diagram and TIA core schematic.

has to be considered in multichannel systems. Therefore, a
separate low-dropout regulator (LDO) circuit was used for a
TIA core in each channel. The LDO provides to the TIA core
a supply voltage in the range of 2-2.4V, depending on the
current that is set in a TIA replica circuit and controlled through
an SPI interface.

A gain stage represents a two-stage differential cascode
amplifier. In both stages, inductive peaking was applied to
achieve the required bandwidth. The output of the first stage
receives a feedback signal from the TIA output for correcting a
DC-offset, which might be because of the amplified DC mismatch
between balanced TIA outputs. An output buffer is realized as a
cascode differential pair with a load resistance of 50  at each
branch. This value minimizes TIA output reflection losses in
the presence of onboard transmission line model. Each of the
TIA channels receives four controlled currents generated by a
four-channel DAC, allowing noise tuning, transimpedance, and
output swing adjustments. There are four four-channel DACs on
the ASIC. Each four-channel DAC has its separated bias reference
network. Thus, in case of a particle strike on a single channel’s
biasing circuit, the operation of the other channels will not be
affected.

Post-layout simulations were performed on the TIA circuit to
include realistic effects.

Figure 13A shows TIA transimpedance gain plots over corner
conditions. Similar to the system design, worst-case conditions
reflect operation at the highest temperature (85°C) and use
worst-case component models. A nominal case corresponds to
the operation at room temperature, having nominal models for
simulation. Similarly, Figure 13B presents the noise behavior of
a TIA channel across different scenarios. An integrated input-
referred noise within a 3-dB bandwidth is not higher than 2.5
(LArms over all corner conditions. This satisfies the nominal and
best-case system requirement presented in section From System
to Circuit: TIA Requirements. However, a worst-case noise
requirement could not be achieved. Nevertheless, the circuit was
accepted for fabrication, because the probability of worst-case
performance for all components within the optical link at the
same time is very low.

Figure 13C shows the TIA ASIC output reflection losses when
the differential output is loaded by 100 Q. The green curve shows
an S22 parameter of the TIA at the ASIC pads. This corresponds
to a case in which a TIA ASIC is going to be measured on-
wafer, having the calibration plane at probe tips. The blue S22
curve includes the transmission lines on module substrate; and,
finally, the red S22 curve shows the expected output return
loss in the receiving part of the module at the output of
a connector.
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FIGURE 13 | TIA metrics at default SPI register settings and at a 3-V supply voltage: (A) transimpedance gain; (B) input-referred noise current density; (C) TIA ASIC
output reflection losses.

The post-layout TIA model, loaded by the module designed TIA has to fit into the pre-defined pad configuration.
interconnect model with an on-board connector, was also  The total IC area is 2.6 mm?. For future designs, the layout can

analyzed in the time domain. be optimized to have the output transmission lines ~400 pm
Figure 14 shows the corresponding eye diagrams of the  shorter, which would result in an occupied area of below 2 mm?.
complete chain for a 28 Gb/s data rate. The simulation was For the TIA circuit, the default values of the SPI are set in

performed under different corner conditions. For the worst- and ~ a way that all of the reference currents in the TIA circuit are
nominal cases, the TIA input receives a PD current of Idc/Ipp  a bit higher than half of the maximum current (9/16 of Imax).
= 50/80 WA at 0 and 27°C; whereas for the best-case scenario,  In this case, within the complete module, the complete four-
the input current is equal to Idc/Ipp = 130/200 A, and the TIA  channel TTIA IC dissipates to 350 mW from a 3 V supply voltage,
circuit operates at 85°C. As the TIA circuit is biased at the middle ~ resulting in power consumption of 87.5 mW per channel or
current values, it is possible, depending on the real performance, a 3.2 mW/Gb/s efficiency, which lets enough power efficiency
to change the current settings in a way that the required output  margin for the VCSEL driver IC. Naturally, a stand-alone TIA
swing/eye opening can be adjusted. IC with 100 Q differential load only shows much better results

Figure 15 shows a four-channel 112 Gb/s RH TIA ASIC in terms of power efficiency. Table 6 summarizes the post layout
layout. As can be seen in the figure, the output transmission lines  simulation results of a one channel TIA, that delivers a 400
are quite long compared with the active part of a TIA channel. =~ mVpp differential signal to the load during a nominal case
The length of each line is equal to 900 pm. This is because the  of operation.
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FIGURE 15 | A four-channel TIA IC layout.

As the TIA IC has widely controlled parameters within the
2.5-3.3V supply voltage range, it will help, to some extent, to
tolerate the imperfections in IC fabrication, module assembly,
and changing environmental conditions.

SPI Slave
An on-chip SPI slave circuit has the possibility to set hardwired
initial register values. This will simplify the characterization

of the IC, since the functional test can be done without
programming the SPI slave, which means that the SPI master may
not be connected.

The SPI core was synthesized using the RH digital library
that contains RH triple modular redundancy flip-flop cells and
combinatorial logic. The SPI clock tree utilizes RH drivers. The
RH SPI core occupies an area of 340 x 240 pm?, which is ~3.3
times bigger than the SPI core based on standard non-RH cells. A
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TABLE 6 | One-channel TIA performance summary at different supply voltages.

Supply voltage 2.5V 3.3V
BW;_ g5 17.8 GHz 18.8 GHz
Input signal data rate 28 Gb/s 28 Gb/s
Power consumption 57 mW 93 mW
Integrated input-referred current noise 2.06 nArms 2.2 pArms
Transimpedance 73.9 dBQ 73.9 dBQ
Power efficiency 2 mW/Gb/s 3.3 mW/Gb/s

separate LDO circuit provides a supply voltage of 1.2 V for the SPI
core from the external VDD pin, which might be set in a range
from 2.5 to 3.3 V. Total power consumption of the SPI is below
2 mW during the operation. For operation in space, a relatively
slow SPI clock signal should be continuously applied in order to
prevent the register values from flipping.

COMPARISON WITH LITERATURE

Compared with the state-of-the-art literature, the packaged 4 x
10 Gbps transceiver in Karppinen et al. [6] achieved 40 Gbps with
an energy efficiency of 4.5 mW/Gbps per channel. The 2 x 3
x 25 Gbps integrated transmitters and receivers in Stampoulidis
et al. [8] demonstrated a 17.5 Gbps error-free performance for a
total of 107 Gbps and energy efficiency of 6.26 mW/Gbps when
packaged on a demonstrator board. The proposed differential
transceiver with fully integrated mid-board optics achieved an
energy efficiency of <6 mW/Gb/s for the entire link at 112 Gb/s
transmission which is the highest reported data rate from a single
ASIC and, to the best knowledge of the authors, the first with
pluggable mid-board optics featuring custom build RH ICs.

CONCLUSIONS

In this study, we report the design of a 112 Gb/s VCSEL-
based optical transceiver aimed for application to intra-satellite
optical interconnects. A top-down design approach was followed
starting from module specification. The use of a borosilicate
substrate for electrical and optical routing and flip-chip
processing for all components enables high data rates in a small
form factor. The challenges of the space environment, along
with package and VCSEL measurements, and modeling were
factored in the design and optimization of the transceiver chipset.
Integrated SPI interfaces and IDAC references allow several
degrees of control and programmability for both ICs. The 4
x 28 Gb/s Tx and Rx ASICs are designed in the IHP 130 nm
SiGe BiCMOS process (SG13RH) leveraging proven robustness
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