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We integrated four channels of readout electronics for X-ray CCDs to an LSI in order
to improve the timing resolution of X-ray CCDs. We employed the delta-sigma (∆Σ) dig-
itization for readout of X-ray CCDs for the first time. We used a 0.35 µm complimentary
metal-oxide semiconductor (CMOS) process provided by Taiwan Semiconductor Manufac-
turing Company (TSMC) for the fabrication of the LSI. We tested the LSI with the false
signals of X-ray CCDs to check if the circuit functions as designed. We confirmed that the
LSI successfully processes the false signals of X-ray CCDs. The power consumption was
about 60 mW, the integral non-linearity (INL) was 0.2 %, and the equivalent input noise was
32 µV. The equivalent noise charge is about 8 electrons for X-ray CCDs we developed, which
is low enough for X-ray spectroscopy using the X-ray CCDs.

§1. Introduction

Since X-ray CCDs have excellent spatial resolution (∼20 µm) and moderate
energy resolution (∼130 eV at 5.9 keV), they are used as standard focal plane de-
tectors of X-ray telescopes onboard present X-ray astronomical satellites such as
SUZAKU,1) XMM-Newton2),3) and Chandra.4) We developed X-ray CCDs with
Hamamatsu Photonics K.K. and thier performance is comparable to up-to-date X-
ray CCDs in the world.5) The weak point of X-ray CCDs is low timing resolution.
The timing resolution of our X-ray CCDs has been limited to a few seconds. The
reasons for the low timing resolution are

1. the readout speed is limited below 100 kHz per readout node to achieve the low
noise level.

2. X-ray CCDs we developed have only a few readout nodes.
One solution to improve the timing resolution is to increase the number of the

readout nodes. Since it is quite difficult to realize such multi-channel readout elec-
tronics with discrete circuit components due to the limitations of space and power
consumption, we decided to integrate the readout electronics to an LSI. We developed
an LSI where two channels of integrated correlated double sampling (iCDS) circuits
are integrated, but the noise level of the LSI was larger than our requirement. Then
we decided to develop new LSI where the ∆Σ digitization is used instead of the
iCDS method.
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§2. Overview of developed LSI

We designed an LSI (hereafter referred as to MD01) employing the ∆Σ digitiza-
tion.7) The ∆Σ digitization is a popular analog-to-digital (AD) conversion method
widely used for audio system. MD01 is the first LSI which uses the ∆Σ digitization
for readout of X-ray CCDs. Figure 1 shows the photo of a bear MD01 chip (left) and
a QFP (Quad Flat Package) used for MD01. MD01 has four channels of readout
electronics (Fig. 2). One channel consists of a Preamplifier, a PumpDAC and two
∆Σ modulators. We fabricated MD01 employing the TSMC 0.35 µm mixed signal
CMOS process. The chip size is 3 mm× 3 mm. The specifications of MD01 are shown
in Table I.

2.1. Signal processing in MD01

Figure 2 shows the schematic diagram of signal processing in MD01. Since the
voltage difference between the floating level and the signal level of the X-ray CCD
output signal is proportional to energy of detected X-rays, we need precisely measure
this voltage difference. The Preamplifier is a buffer amplifier which amplifies the
signals by a factor of 10. The PumpDAC adjusts the bias level of the outputs of
Preamplifier to utilize the dynamic range of MD01. The ∆Σmodulator samples the
output of Preamplifier and convert it into a bitstream. The numbers of “high” in
the bitstream increases with the voltage difference of the input signal. We obtain
a decimated output by calculating the weighted average of the bitstream. The two
modulators process signals of odd and even pixels alternately. Then one modulator
takes two pixel periods for process of one signal, which improves the resolution of
the AD conversion.

Fig. 1. The photo of a bear MD01 chip (left) and a QFP (right) used for MD01.

§3. Evaluation test results

We tested MD01 by using the false signals of X-ray CCDs to check performances
of each channel, INL and noise. Figure 3 shows an example of the waveform obtained
in the test where the plane a) is the input of MD01, the plane b) is the output of
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Fig. 2. The Schematic diagram of signal processing in MD01.

Preamplifier, and the plane c) is the output of MD01 (bitstreams) by low voltage
differential signaling (LVDS). Figure 4 shows the linearity of MD01. The plane a) is
the plot of decimated output as a function of voltage difference of X-ray CCD signals
and the best fit model (dashed line) and the plane b) is the residual between the data
and the model. The INL is 0.2 % in the range from −20 mV to 20 mV. This voltage
range corresponds to X-ray energy range from 0 to 34 keV for our X-ray CCDs.
Figure 5 shows an example of the obtained histogram. We fit the histogram with
a Gaussian function. The equivalent input noise is about 32 µV when the readout
speed is 19.5 kHz per channel. The equivalent noise charge is about 8 electrons for
X-ray CCDs we developed, which is low enough for X-ray spectroscopy using X-ray
CCDs. The test results are summarized in Table I.

b)

c)

a) 20mV

100mV

200mV

20us

Fig. 3. An example of the waveform obtained in the test where the plane a) is the input of MD01,

the plane b) is the output of Preamplifier ,and the plane c) is the output of MD01(bitstreams)

by LVDS.
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Fig. 4. The linearity of MD01. The plane a)

is the plot of decimated output as a func-

tion of voltage difference and the best fit

model (dashed line) and the plane b) is

the residual between the data and the

model. The INL is 0.2 %.
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Fig. 5. An example of the obtained his-

togram, the horizontal axis shows deci-

mated output and the vertical axis shows

counts. The equivalent input noise is

about 32 µV when the readout speed is

19.5 kHz per channel.

Table I. Performance summary

Specifications Process TSMC 0.35 µm CMOS

Number of channel 4

Power supply 3.3 V

Chip size 3 mm×3 mm

Test results Power consumption 60 mW

INL 0.2 %

Equivalent input noise 32 µV
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