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As the utilization of generative AI expands, the volume of information communication within data centers (DCs) is continuously 
increasing, and demands for long-distance communication such as that between DCs and trunk lines is also on the rise. Coherent 
optical communication technology is primarily used for this long-distance information communication. In anticipation of the 
widespread adoption of 800 Gbit/s digital coherent optical communication, we developed a 128 Gbaud optical modulator driver 
integrated circuit (IC) and a transimpedance amplifier (TIA). These ICs are required to achieve gain peak characteristics and 
variable gain functionality, in addition to high-speed operation matching the modulation speed of the optical signal. This report 
presents the IC design techniques and evaluation results necessary to achieve this performance.
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
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1. Introduction
Data centers (DCs) are being constructed around the 

world to prepare for the rapid spread of generative AI, 
which requires huge data sets and computational resources. 
In recent years, there has been a trend toward geographi-
cally dispersing DC construction sites to reduce risks 
relating to natural disasters, impairment, and power supply, 
as well as to provide low-latency, high-speed communica-
tion near urban areas. As a result, the demand for data 
center interconnection (DCI) is increasing.

Digital coherent optical communication systems, which 
are resistant to signal degradation and capable of increasing 
capacity, are used for DCI to effectively utilize limited 
optical fiber transmission channels. There has been contin-
uous discussion about increasing the capacity of digital 
coherent optical communication systems in order to meet the 
ever-increasing demand for these systems. There are a few 
methods for increasing the capacity, such as increasing 
signal modulation speed, increasing the amount of informa-
tion that can be sent with a single signal (adoption of a high-
order modulation system), and using two or more light 
wavelengths. Among them, the first method is mainly being 
addressed. The Optical Internetworking Forum (OIF), an 
optical communication industry organization, standardized 
64 Gbaud symbol rate coherent receivers (ICR*1) and trans-
mitters (CDM*2) in 2017 and 2018, respectively.(1),(2) Signal 
modulation speed has been improved every year since then, 
reaching a symbol rate of 118 Gbaud for 800 Gbit/s trans-
ceivers launched in 2024.(3) 240 Gbaud may be required for 
next-generation 1.6 Tbit/s transceivers.(4)

A block diagram of a coherent transceiver is shown in 
Fig. 1. Electrical signals input from the network router in 
the DC are processed by a digital signal processor (DSP) 
and are input to the driver. The driver drives the optical 
modulator to modulate the light input from the tunable 
laser. Modulated light is output to the optical fiber. On the 
receiver side, the optical detector converts weak transmis-
sion light input from the optical fiber to an electrical signal. 

Then the electrical signal is amplified by the transimped-
ance amplifier (TIA) to a level that can be processed by the 
DSP. The DSP outputs the electrical signal after performing 
signal compensation and error correction.

The driver and TIA are required to operate at the same 
high speed as optical modulation. The driver is also 
required to have a large gain peak at high frequencies to 
compensate for the transmission loss of the electrical signal 
and high-frequency loss caused by the modulator and 
package. In addition, the TIA is required to have a variable 
gain function provided with a wide dynamic range suffi-
cient to ensure accurate linear amplification of weak optical 
signals after long-distance transmission to strong optical 
signals for relatively short-distance transmission. We have 
developed a high-speed driver IC(5) and TIA(6) that can meet 
these requirements and support 800 Gbit/s to 1 Tbit/s-class 
systems, which are expected to become widely adopted in 
the future. This paper mainly discusses the techniques for 
designing their circuits.

2. Driver IC
2-1	 Challenges and aims of development

In digital coherent optical communication systems, 
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Fig. 1.  Block diagram of coherent transceiver
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high-frequency loss of electrical signals becomes a major 
issue when the symbol rate exceeds 100 Gbaud. For 
example, CEI-112G-VSR, which was set by the OIF as the 
specifications for electrical connection between an optical 
module and on-board IC, assumes a transmission loss of 12 
dB to 16 dB at a Nyquist frequency*3 of 28 GHz.(7) For 
high-speed systems capable of transmission as high as 128 
Gbaud, a bandwidth of at least 64 GHz is required. As a 
result, the loss is expected to increase to more than double. 
Furthermore, since a modulator and a module package 
increase loss, the total loss of the transmission system 
increases significantly. Although a DSP can compensate for 
high-frequency loss, the amount is only about 30 dB,(8) 
which is not sufficient.

Under these circumstances, a driver IC that has a 
sufficient gain peak at high frequencies and can compen-
sate for high-frequency loss of the system is desired. We 
have responded to this demand by developing a proprietary 
output buffer circuit.
2-2	 Circuit design

Figure 2 (a) shows a high-frequency circuit block 
diagram of the driver IC we developed. The circuit is a 
fully differential circuit in which the input/output terminals 
and internal circuits are composed of positive/negative 
phase pairs. Input signals from the DSP pass through the 
capacitive coupling circuit that cuts DC components, and 
then they are adjusted to an appropriate amplitude by a 
two-stage variable gain amplifier (VGA). Then gain peak 
characteristics are provided at the output buffer stage.

The operation of the output stage shown in Fig. 2 (b) 
is described below. The circuit architecture is an open-col-
lector type*4 with excellent low power consumption. The 
signals output from the VGA 2 in the previous stage are 
input to transistors Q1 and Q2. Q1 and Q2 form a cascode 
circuit*5 with transistors Q3 and Q4, which are located 
above Q1 and Q2, to suppress bandwidth degradation due 
to the Miller effect.*6

Transistors Q5 and Q6 form a second cascode circuit 
with Q1 to Q4. The base biases of Q3 and Q4 are supplied 
with static voltages. In contrast, the base biases of Q5 and 
Q6 are provided by dynamic voltages containing high-fre-
quency waves generated by the feedback of the output 
signals through a circuit consisting of R1 to R4, C1, C2, 
and Ccb. Therefore, Q3 and Q4 are called static cascodes, 
whereas Q5 and Q6 are called dynamic cascodes.

Two sets of series inductors, L1 to L4, increase the 
gain at the resonance frequency. Locating an inductor on 
the emitter and collector sides of the dynamic cascode tran-
sistor described above makes it possible to efficiently add 
the effects of the two sets of inductors. As a result, the 
output buffer has large gain-peak characteristics.

In addition, a dynamic cascode is used to divide the 
output amplitude of the output buffer by two sets of 
cascode transistors: dynamic cascodes Q5 and Q6 and 
static cascodes Q3 and Q4. This enables maintaining the 
operating range of each transistor within the guaranteed 
reliability range.
2-3	 Prototyping

Prototyping was carried out on the 55 nm SiGe 
BiCMOS process in a foundry. The appearance of the chip 
is shown in Photo 1. This chip integrates four driver chan-
nels and is provided with an automatic gain control func-
tion and other control functions, together with a monitoring 
function. Each function is accessible through an 
OIF-compliant SPI.*7 The chip size is 4.0 mm × 2.1 mm, 
and the power source voltage is +3.3 V. The power 
consumption of the chip, including the control circuit, is 
2.15 W or 0.54 W/ch.

2-4	 Evaluation results
Figure 3 shows the evaluation and simulation results 

for the driver IC. The measured S-parameter, which 
represents the differential gain (SDD21) shown in  
Fig. 3 (a), exhibited a peaking as high as 18.5 dB at 72.5 
GHz. The 3-dB bandwidth was 86 GHz. Figure 3 (b) shows 
the input/output characteristics of power. From these 
results, the 1-dB gain compression point (P1dB) was calcu-
lated to be 4.6 Vppd at 1 GHz and 4.1 Vppd at 50 GHz, 
confirming that sufficient amplitude exceeding 4 Vppd was 
obtained over a wide frequency range.
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Fig. 2.  (a) Block diagram of a high-frequency circuit and 
(b) schematic of the output buffer stage of the developed driver IC
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3. TIA
3-1	 Challenges and aims of development

A TIA for coherent communication and other optical 
communication systems is required to ensure wideband 
operation and low noise. A shunt feedback (SFB) topology, 
shown in Fig. 4 (a), is commonly used to meet the above 
requirement. Although this configuration can suppress 
noise by increasing feedback resistance (Rf), the input 
resistance (Rin) of the circuit increases as Rf increases. As 
a result, bandwidth is limited by the effects of photodiode 
(PD) capacitance and other parasitic elements. On the other 
hand, the common base (CB) SFB topology shown in  
Fig. 4 (b) adds a CB stage to the input section. In this case, 
since Rin of the CB stage is low, this configuration is resis-
tant to parasitic elements, and a wider bandwidth is 
expected to be realized.(9) However, from the viewpoint of 
noise performance, the overall noise increases since the 
number of resistors, transistors, and other devices 

increases. In our design, we decided to realize a wide band-
width by using the CB SFB configuration and to control an 
increase in noise by setting Rf as high as possible.
3-2	 Circuit design

Figure 5 (a) shows the high-frequency circuit block 
diagram of the TIA we developed. The circuit is a fully 
differential circuit as with the driver IC. The electric 
signals input from the PD in the optical detector is ampli-
fied at the TIA stage. Then the signals are output to the 
DSP through the VGA stage and the output buffer stage.

The TIA for coherent optical communication is further 
required to have a wide dynamic range for the strength of 
the optical signals it receives. The method usually used to 
achieve the above is to locate a transistor between the input 
terminal and ground as a variable resistor and to adjust the 
gain by discarding part of the input signal as required. 
However, this method has a drawback in that the input 
impedance*8 of the TIA stage changes, and this varies the 
frequency response of the receiver.

In this design, we overcame the above drawback by 
combining a variable gain circuit with the CB stage. The 
schematic of the TIA stage shown in Fig. 5 (a) is shown in 
Fig. 5 (b), and its operation is described below.

As shown in Fig. 4 (b), the TIA stage consists of CB 
and SFB stages. Although Q2 and Q3 shown in Fig. 5 (b) 
are not used for the CB stage of a common differential 
circuit, they are additionally used in this design by 
connecting them by cross wiring that draws the collector 
current on the opposite phase side. When Q1 and Q4 are 
turned on and Q2 and Q3 are turned off by applying appro-
priate bias voltages Vgcp and Vgcn to them, all the current 
input from the PD contributes to amplification and is 
passed to the SFB stage. On the other hand, when all of Q1 
to Q4 are turned on, the currents flowing through load 
resistors Rl1 and Rl2 are composed of equal contributions 
from positive and negative phase currents. Therefore, they  
cancel each other out, resulting in the amplified PD current 
becoming zero.

The above is the operation principle of a variable gain 
circuit, and the circuit that synthesizes signals in such a 
structure is called a Gilbert cell. A Gilbert cell-based vari-
able gain circuit can achieve a wide dynamic range. The 
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change in input impedance is also small because the change 
in operating point of each transistor when changing gain is 
small, making this circuit excellent as the input stage of a 
receiver.
3-3	 Prototyping

As in the case of the driver, the 55 nm SiGe BiCMOS 
process was used for the prototyping. The appearance of 
the chip is shown in Photo 2. This chip integrates four TIA 
channels and is also mounted with various control func-
tions, monitoring functions, and SPI. The chip size is 4.0 
mm × 1.9 mm, and the power source voltage is +3.3 V. The 
power consumption of the chip, including the control 
circuit, is 1.07 W or 0.27 W/ch.

3-4	 Evaluation results
We measured the S-parameter of the TIA channel 

while varying the gain setting. The measurement results are 
shown in Fig. 6. Figure 6 (a) shows the input impedance 
plotted on a Smith chart. Although the gain varied from the 

maximum to minimum, the input impedance of the CB 
variable gain input stage hardly changed as expected during 
the design.

Figure 6 (b) plots the transimpedance gains calculated 
from the measured S-parameter of the TIA. The difference 
between the maximum and minimum gains was 42 dB, a 
wide dynamic range. The bandwidth satisfactorily 
exceeded 80 GHz.

The peak around 77 GHz is due to the resonance of 
the bandwidth compensation inductor (see Fig. 5 (a)) 
between the TIA and VGA stages with the input impedance 
of the VGA stage. Since the input impedance of the VGA 
stage decreases when the gain is lowered, the peak 
becomes higher.

4. Module Evaluation
4-1	 Sample and evaluation system

We fabricated a CDM by incorporating the prototyped 
driver IC and an in-house InP modulator into a package. 
The appearance of the CDM is shown in Photo 3. We also 
fabricated an ICR by assembling the TIA into a package 
together with an optical detector element equipped with an 
in-house broadband PD.(10) The package for the ICR was 
the same as that for the CDM.

The experimental setup for transmission measurement 
is shown in Fig. 7. An arbitrary signal generator drives the 
CDM, and the output optical signals are observed as 
constellation*9 with an optical modulation analyzer. 
Although the CDM was capable of polarization multi-
plexing, single polarization was adopted due to the limited 
number of channels of the arbitrary waveform generator. 
The symbol rate was 128 Gbaud and the modulation format 
was SP-16QAM.*10

On the other hand, the ICR received the optical signals 
generated by the CDM and measured the bit error rate 
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(BER) of the output electrical signals using a function of the 
wide-band oscilloscope. The differential signals of the ICR 
output were observed only on the positive phase side due to 
the limitation of the number of oscilloscope channels, and 
the negative phase side was terminated at 50 Ω.
4-2	 Transmitter module evaluation results

Figure 8 (a) shows the frequency characteristics of the 
normalized electrical-to-optical (EO) response of the CDM. 
A high gain peak of 9 dB was achieved at 67 GHz, with a 
3-dB bandwidth of 78 GHz. Figure 8 (b) shows the constel-
lation of the transmitted signals. The EVM*11 was found to 
be satisfactory at 9.7%, and the BER of 8.6E-4 was well 
below the upper limit of 2.0E-2 required for open forward 
error correction (oFEC), an error correction technique.

4-3	 Receiver module evaluation results
For the ICR, the frequency characteristics of the 

normalized optical-to-electrical (OE) response obtained by 
varying the gain from maximum to minimum is shown in 
Fig. 9 (a). While ripples associated with electrical reflec-
tions can be observed, bandwidths of 75 GHz or more have 
been achieved. As for the evaluation results for the trans-
mission characteristics, Fig. 9 (b) shows the BER which 
was obtained by varying the input optical signal power. 
Although there is a limitation that the differential output of 
the TIA was observed in a single phase, a value below the 
upper limit of oFEC, or 2.0E-2, was obtained at an input 
optical signal power of -16 dBm or more.

5. Conclusion
We discussed the circuit design techniques for the 

driver IC and TIA used for 800 Gbit/s digital coherent 
optical communication, which is expected to become 
widely adopted in the future. In particular, we focused on 
the gain peak characteristics and variable gain function 
required of these devices, in addition to their high-speed 
operation. We fabricated prototype chips, integrated them 
into a CDM and ICR, and evaluated their performance. The 
BER of modulated signals of the 128 Gbaud SP-16QAM 
was below 2.0E-2, the upper limit for error correction using 
oFEC, verifying that these chips are applicable to coherent 
optical communication systems. The operating bandwidth 
of both the CDM and ICR was higher than 75 GHz, 
exceeding 64 GHz that is required for 128 Gbaud. These 
techniques can also be used for next-generation communica-
tion systems with a transmission rate of higher than 1 Tbit/s.

Technical Terms
＊1	� ICR: An abbreviation for Intradyne Coherent 

Receiver. ICR is a coherent communication receiver 
that integrates an optical detector and a trans-
impedance amplifier (TIA) for amplifying electrical 
signals from the optical detector.

＊2	� CDM: An abbreviation for Coherent Driver Modulator. 
CDM is a coherent communication transmitter that 
integrates an optical modulator and its driver.

＊3	� Nyquist frequency: Minimum required frequency for 
transmitting at a given symbol rate, which is equal to 
half of the symbol rate.

＊4	� Open collector type: A buffer in which the collector of a 
bipolar transistor is connected in series with an 
external load. The buffer has low power consumption.

＊5	� Cascode circuit: A circuit composed of two transistors 
connected in cascade. This circuit can suppress the 
Miller effect.

＊6	� Miller effect: An effect in which the parasitic 
capacitance between the input and output appears 
large due to the gain of inverting amplifier circuit. In 
high-frequency amplifiers, this effect can degrade the 
bandwidth.

＊7	� SPI: An abbreviation for Serial Peripheral Interface. 
SPI is an interface standard for communication 
between a microcomputer and a peripheral IC.

＊8	� Impedance: A value that represents the opposition to 
electrical flow in an alternating current (AC) circuit.

＊9	� Constellation: The phase and amplitude of a signal 
plotted on a two-dimensional plane with in-phase and 
quadrature components as axes.

＊10	� SP-16QAM: An abbreviation for Single Polarization 
16 Quadrature Amplitude Modulation. This is a 
modulation technique for transmitting information 
using single-polarization light and 16 different symbols 
in a combination of amplitude and phase. Four-bit 
information can be transmitted with a single symbol.

＊11	� EVM: An abbreviation for Error Vector Magnitude. 
EVM is an indicator of how far away the measured 
constellation is from the ideal position. The smaller 
the better.
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