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Abstract

We developed a transimpedance amplifier with automatic gain control (TIA/AGC) integrated circuit
(IC) and an electrical dispersion compensation IC for 43-Gbit/s differential quadrature phase shift keying
(DQPSK) using indium phosphide (InP) hetero-junction bipolar transistors to extend the transmission
distance and increase transmission capacity in optical core networks. Using these ICs in the receiver
frontend is expected to extend the transmission distance by up to 1.5 times.

1. Background

With the recent popularization of broadband ser-
vice via optical fiber access, more transmission
capacity is required in the optical core networks. One
of the most promising transmission formats for meet-
ing this requirement is differential quadrature phase
shift keying (DQPSK) because it offers a high optical
signal-to-noise ratio (OSNR) tolerance, dispersion
and filtering tolerance, and high spectral efficiency.
Recently, wavelength division multiplexing (WDM)
systems with 43-Gbit/s DQPSK have started to be
deployed in optical core networks in Japan.

For the receiver frontend of the 43-Gbit/s DQPSK
transmission system, we have already developed a
transimpedance amplifier/limiting amplifier (TIA/
LIM) integrated circuit (IC) using indium phosphide
(InP) hetero-junction bipolar transistors (HBTs) and
a balanced photoreceiver module, which have excel-
lent bit error rate (BER) characteristics [1].

In high-data-rate optical transmission, such as 43
Gbit/s, one of the most important factors limiting the

transmission distance is polarization mode dispersion
(PMD). This is a phenomenon where the propagation
speed of light changes depending on the light’s polar-
ization because of the asymmetry in the core of opti-
cal fiber. The way PMD affects the received electrical
signals is shown in Fig. 1. An optical signal launched
into the fiber has two polarization components
(depicted in blue and pink), which have different
propagation speeds. The blue component reaches the
end of the fiber after the pink one. As a result, the
received signal is distorted, which degrades the eye-
opening.

To tackle the limitation caused by PMD, we devel-
oped an electrical dispersion compensation (EDC) IC
for 43-Gbit/s DQPSK. We also developed a trans-
impedance amplifier with automatic gain control
(TIA/AGC) IC for use with the EDC IC. These ICs,
when used in the receiver frontend of a 43-Gbit/s
DQPSK transmission system, suppress waveform
distortion and improve the BER and thereby extend
the transmission distance.

2. Electrical dispersion compensation (EDC)
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The features of various dispersion compensation
techniques, which include both optical and electrical
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Table 1. Comparison of various dispersion compensation methods.
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Fig. 1.

Effect of PMD on received electrical signal.

Y: power splitting ratio

Size and cost | >20-Gsymbol/s | Extension of
operation transmission distance
OoDC Large Possible x2
Digital EDC Medium Difficult x2
Analog EDC Small Possible x1.5

methods are summarized in Table 1. Optical disper-
sion compensation (ODC) features a large PMD tol-
erance enhancement, but the module is large and
expensive. EDC is a technology for compensating for
the effect of dispersion after optical-to-electrical (O/
E) conversion. Its implementations are generally
smaller and less expensive than those of ODC.
Depending on its signal processing methods, EDC
can be classified into digital EDC and analog EDC
[2].

A typical digital EDC is based on maximum likeli-
hood sequence estimation (MLSE). MLSE-EDC is
performed with an analog-to-digital (A/D) converter
and digital signal processor (DSP), which are used to
infer the original bit sequence. It provides a large
improvement in PMD tolerance. However, the clock
speed of the A/D converter should generally be not
less than double the symbol rate. Because of the
limitation in the resolution of A/D converters and the
processing speed of DSPs, the applicable symbol rate
of MLSE-EDC is currently limited to a maximum of
10'% symbols per second (10 Gsymbol/s).

On the other hand, analog EDC uses analog signal
processing. Although the PMD tolerance extension
provided by analog EDC, such as a feed-forward
equalizer (FFE), is not as large as that of digital EDC,
analog EDC is applicable to symbol rates of over 20
Gsymbol/s. It also has the advantage of a small mod-
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ule size and low power. Considering these advantag-
es, we developed an analog FFE EDC IC for 43-Gbit/s
DQPSK.

3. Functions of TIA/AGC and EDC ICs in
receiver frontend

A block diagram of the DQPSK optical receiver
frontend with EDC is shown in Fig. 2. The optical
DQPSK demodulator converts a 43-Gbit/s optical
quaternary phase-shifted signal into two channels of
21.5-Gbit/s optical intensity-modulated signals. Each
channel has a pair of balanced optical signals; these
are input into a dual-photodiode (dual-PD).

The TIA/AGC ICs linearly amplify the input elec-
trical signals and then the EDC ICs compensate for
PMD. Here, linear operation of the TIA/AGC is
indispensable for the receiver. If the amplifier pro-
vides a limiting operation as in the TIA/LIM ampli-
fier, EDC should compensate for the waveform dis-
tortion caused not only by PMD but also by the non-
linearity of the amplifier, which results in degradation
of the PMD tolerance.

4. TIA/AGCIC

To fabricate the ICs, we used InP HBTs. Our InP
HBTs have a cutoff frequency of 170 GHz and have
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Fig. 2. Block diagram of DQPSK optical receiver frontend with EDC.
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Fig. 3. Block diagram of TIA/AGC IC.

Fig. 4. Photograph of TIA/AGC IC chip.

already proved to be highly reliable [3]. A block dia-
gram of the TIA/AGC IC is shown in Fig. 3. The IC
consists of a TIA core, an AGC amplifier, an output
buffer, and a peak power monitor circuit. In the AGC
amplifier, the gain of the gain control amplifier is
controlled so as to operate as a linear amplifier by the
feedback from the amplitude monitor. Therefore, the

AGC amplifier outputs a constant voltage swing
without saturation. We designed the IC to ensure a
constant output voltage amplitude within the optical
dynamic range of 6 dB. The peak power monitor cir-
cuit is integrated to control the phase difference in the
optical demodulator. The circuit detects the received
peak signal amplitude and outputs it through the
PMON (peak power monitor) terminal.

A photograph of the fabricated IC chip is shown in
Fig. 4. A fully differential configuration was used for
connection with the dual-PD and to stabilize perfor-
mance against device fluctuation. The chip size is
2x2 mm? and the power consumption is 0.6 W. The
3-dB bandwidth is 19 GHz and the differential gain is
as high as 34 dB. The group delay deviation is only
+10 ps. A balanced photoreceiver module was fabri-
cated by using the TIA/AGC IC and a dual-PD, which
integrates two maximized induced current photodi-
odes (MIC-PDs) [4] and provides a high 3-dB band-
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Fig. 5. Output waveforms of TIA/AGC optical receiver.
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Fig. 6. Block diagram of three-tap FFE EDC IC.

width of 25 GHz and high responsivity of about
1 A/W.

Output waveforms of the photoreceiver are shown
in Fig. 5. The output amplitudes and output wave-
forms stayed nearly constant in the input optical
power range from -9 to -3 dBm, which means that the
AGC circuit operated properly. In back-to-back BER
experiments, this photoreceiver itself exhibited excel-
lent BER characteristics. We confirmed a Q-value of
more than 14.5 dB at OSNR = 19 dB for the PD input
power range of 6 dB.

5. EDCIC

We designed an FFE with a three-tap transversal
filter structure (Fig. 6). The FFE IC is composed of an
input buffer, two delay circuits, three mixers, two

Vol. 6 No. 9 Sep. 2008

adders, and an output buffer. For linear signal pro-
cessing, the gain of each component, except for that
of the output buffer, is set to nearly unity. In this case,
the bit spacing of 45 ps at a bit rate of 21.5 Gbit/s is
the designed tap delay for one delay circuit. The
delay circuit can be achieved by the transmission
lines, but they generally need a large IC area or exter-
nal components. We therefore used differential delay
buffers. In the fabricated IC, even the longest path has
a bandwidth of more than 20 GHz. The measured tap
delay values differed from the design value by at most
10%.

A photograph of the EDC IC chip is shown in Fig.
7. The chip size is 2x3 mm? and the power consump-
tion is 1.3 W. We examined the performance of the
EDC IC by evaluating improvements in electrical
waveforms when a differential group delay of 30 ps
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Fig. 7. Photograph of EDC IC chip.

(a)

(b)

Fig. 8. Output waveforms of (a) optical receiver and (b) EDC module with differential group delay of 30 ps.

was imposed by a PMD emulator.

The output waveform of the photoreceiver is shown
in Fig. 8(a). Because of the large dispersion, the out-
put waveform is greatly distorted and the eye-open-
ing is very small, which implies poor BER perfor-
mance. The output waveform of the EDC module
connected after the photoreceiver is shown in Fig.
8(b). The widely open eyes indicate greatly improved
BER performance. When this EDC module with a
fixed tap configuration is used, the transmission dis-
tance is expected to be extended by up to 1.5 times

[S].

6. Future prospects

We will try to reduce the module size by integrating
the two 21.5-Gbit/s channels of TIA/AGC ICs into
one IC. We also intend to expand the application area
of the EDC by using adaptive equalization.
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