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Introduction

Lab tests
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Chip design

High-speed optical data communication is widely used for on-detector readout electronics in high energy
physics (HEP) experiments. In the optical receiver end, radiation-induced degradation of the photodiode is the
most challenging issue. Many studies on photodiodes in radiation indicate that the degradation causes many
parameters to change and is different between GaAs and InGaAs photodiodes [1,2]. For InGaAs photodiodes,
radiation increases the dark current (up to 1 mA) and a rise in the junction capacitance (up to several pF).
GaAs photodiodes suffer from a significant loss in responsivity due to radiation. A higher reverse bias voltage
for photodiodes may overcome the issues above. Based on these findings, we designed and prototyped a
quad transimpedance and limiting amplifier (QTIA) ASIC with fully differential architecture and an internal
charge pump to research mitigation options.

Reference: [1] L. Olantera et al., Radiation Effects on High-Speed InGaAs Photodiodes, IEEE TNS (2019).  

Conclusion and outlook

Performances Summary

A 2.56/10 Gbps quad-channel transimpedance amplifier (QTIA) prototype chip has been developed to
mitigate the irradiation-induced degradation of InGaAs and GaAs photodiodes. The circuit functions of QTIA
successfully passed the lab tests with GaAs photodiodes. The photodiode bias circuit on both sides (UP and
DOWN) has better performance due to an extra gain of 3 dB, as expected. The internal charge pump in
Channel 1 outputs over 6 V and provides comparable sensitivity and jitter performance with external bias
voltage.

A higher photodiode bias voltage leads to better jitter performances as a result of limited junction
capacitance. The benefits of a higher photodiode bias voltage in radiations can be foreseen with both InGaAs
photodiodes and GaAs photodiodes. The optimal voltage across photodiodes can be guaranteed even with a
large dark current (InGaAs photodiodes). The fully differential structure also can be adopted. The effects on
the responsivity during irradiation are to be studied.

A full set of irradiation tests with different photodiodes will be arranged to verify further the benefits of the
internal charge pump in QTIA.

QTIA is a 2 mm × 2 mm chip in a 65 nm CMOS process and is configurable between the bit rate of 2.56 Gbps
and 10 Gbps. It has four channels where the fully differential architecture is adopted. PIN Photodiode is AC
coupled to the TIA using on-chip capacitors, and a photodiode bias circuit is integrated to provide proper
biasing for the photodiode. A fully differential cascade TIA with programmable feedback resistance is designed
to achieve low noise and high bandwidth. The limiting amplifier (LA) comprises two stages with shared
inductors and two active feedback stages to simultaneously achieve high gain and bandwidth. AC coupling
connection is applied between TIA and LA. The output driver has adjustable output amplitude to interface
with an external 100-ohm differential output load.

For the R&D project, the bias circuits in all channels are different to compare their performances. Channel
2 only implements the Up-bias circuit and directly connects the PD anode (IN) to the ground. In contrast,
channel 3 implements the Down-bias circuit and directly connects the PD cathode (PDC) to VPD (2.5 V). Both
Up-and Down-bias circuits are used in channel 1 and channel 4. A charge pump is implemented in channel 1 to
raise the bias voltage of photodiode to over 6 V. In channel 4, the bias voltage is provided through an external
power pad.

To characterize the functions, QTIA is assembled in the ultra-small and lightweight optical module, QTRx,
together with a 4-channel array laser driver, QLDD. QTIA was wire bonded to a high-speed array GaAs PIN
Photodiode with a typical responsivity of 0.6 A/W and a parasitic capacitance of 90 fF.

QTIA performances at 2.56 Gbps versus input optical power are summarized. The fully differential
structure with photodiode bias circuits on both sides has an improved gain of 3 dB, as expected. The internal
charge pump in channel 1 outputs over 6 V and provides comparable sensitivity and jitter performance with
an external bias voltage of 2.5 V in channel 4. The output swings and power consumptions are stable with
different input power.

Figure 1.Radiation results of Photodiodes [1,2] : Dark current (a), Capacitance (b), and responsivity (c). 

Figure 2. Overall structure of QTIA.                                                              Figure 3. schematic of TIA.

Figure 4. Photodiode bias circuit. Figure 5. Schematic of charge pump in Channel 1.

Figure 6. The motherboard with QTRX module (a) and test setup for the optical tests (b).

Figure 9. Output eye diagrams of CH4 for –6 dBm 

input power at 2.5 Gbps (a) and 10 Gbps (b) .

Figure 7. QTIA performance at 2.56 Gpbs: sensitivity (a), total jitter (b), and output amplitude (c).

Figure 8. Total jitter (a) and Photodiode current (b) versus PD bias voltage of 

channel 4 at 2.56 Gbps.

At 2.56 Gbps and for -6 dBm input
power, the effects of photodiode bias
voltage (VPD) were studied in
Channel 4. The jitter performance can
be optimized with a higher VPD (still
below 2.5 V) due to the junction
capacitance decrease and bandwidth
enhancement.

The stable photodiode currents
(around half of the input optical
currents) indicate that the gain of
responsivity is relatively small with a
higher photodiode bias voltage.

Reference: [2] L. Olantera, Versatile Link+ Transceiver Production Readiness, TWEPP 2019.
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Data rate 2.56 Gbps 10 Gbps

Wavelength 850 nm

Photodiode capacitance 90 fF

Photodiode responsivity 0.6 A/W

Supply voltage 2.5 V + 1.2 V

-3 dB Bandwidth 2.8 GHz 7 GHz

Transimpedance gain 220 k / 107 dB 22 k / 87 dB

Sensitivity @ BER =1E-12 -17 dBm (11 µA pp) -8.5 dBm (87 µApp)

Power consumption /ch 72 mW (without CP) / 120 mW (with CP)

Output amplitude 400 mVpp

Output rise/fall time 40 ps 50 ps

Random jitter 1.8 ps 2.4 ps

Deterministic jitter 16.7 ps 22.7 ps

Total jitter (BER =1E-12) 38.5 ps (0.1 UI) 52.4 ps (0.5 UI)

In the optical test setup, a pulse generator provides 27-1 pseudo-random binary sequence (PRBS)
differential signal for a single-channel transmitter (Tx) module, whose output optical signal is connected to
one channel of QTIA each time. The oscilloscope records the differential output eye diagrams of all channels
and conducts the jitter analysis. The error detector conducts the Bit Error Ratio (BER) test via a differential-to-
single-ended converter.
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