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Abstract— Correlated double sampling (CDS) circuits are
essential to processing the X-ray charge-coupled devices (CCDs)
that have been used in the modern X-ray astronomical field. For
spectroscopy observations, the energy resolution is of decisive
importance. In this paper, a comprehensive study of the CDS
algorithm based on the incremental  technique, named
-CDS algorithm hereafter, is studied. Theoretical and practical aspects for modulations and demodulations for applications
with different pixel rates (PRs) are discussed. The concepts of
differential cascade-of-integrator filter and truncated cascadedintegrator-comb filter are extensively investigated from both
the time-domain and frequency-domain analyses. The operating principles, prototype design, and experimental results are
addressed. As a prototype for 100-kHz PR, a readout integrated
circuit (ROIC) is designed. When tested with the target X-ray
CCD–CCD236 using a 1 μCi 55 Fe radioisotope, the ROIC
achieves an energy resolution characterized by the full-widthat-half-maximum as 132.4 ± 2.4 eV at 5.9 keV, which is very
close to the 121-eV limit of CCD236.
Index Terms— -correlated double sampling (CDS),
differential cascade-of-integrator (DCoI), readout integrated
circuit (ROIC), truncated cascaded-integrator-comb (TCIC),
X-ray charge-coupled device (CCD).

I. I NTRODUCTION

I

N THE history of modern observational astronomy and
astrophysics, X-ray charge-coupled devices (CCDs) have
been dominating for decades mainly owing to its greater sensitivity, spatial resolution, stability, and long-term reliability than
what neither photographic film nor image tube could offer [1].
X-ray CCDs have become the standard focal-plane detectors,
particularly for soft X-ray detection, in the space astronomical
field [2]–[4]. Also, in virtue of the famous direct demodulation
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method [5], they are currently used as the flat-plane detectors
for China’s Hard X-ray Modulation Telescope satellite [6].
In addition, they will be adopted as the critical detectors in
such ambitious space X-ray astronomical missions as ESA’s
extended Roentgen Survey with an Imaging Telescope Array
satellite [7] and China’s Einstein Probe satellite [8]. Besides its
applications in modern astronomical observation, X-ray CCD
is also recognized as a kind of important detector in highenergy particle detection [9], [10].
X-ray CCD signal is actually a typical time-bounded signal.
As will be described in detail in Section II, the individual
sample in a single pixel needs to be digitized, and the conversion needs to exhibit excellent linearity mainly characterized
by integral nonlinearity (INL) [11], [12]. Therefore, the main
characteristic of processing X-ray CCD signal is that it needs
to be converted in-site, or pixel-by-pixel regardless of the
fact that it is controlled by periodic driving clocks, and thus,
only the absolute magnitude of a single pixel makes sense
rather than the spectral performance of such periodic signals
in communication and audio systems.
To process such a signal, CDS is necessary. It mitigates
the switching transients, reduces the Nyquist noise associated with the combination of reset switch and node capacitance, and suppresses 1/ f noise contribution [13]. In this
paper, the -CDS algorithm is studied extensively, including
the operating principles, prototype design, and experimental
results. Applications of the -CDS algorithm in the readout
of X-ray CCDs with both low/medium-pixel rate (PR) and
high-PR are described, with the accent on the design considerations of both modulation and demodulation of the X-ray
CCD signal.
This paper is organized as follows. Three conventional
CDS algorithms are theoretically analyzed and compared in
a simple instantiation in Section II. The principles of the
-CDS algorithm are described in detail in Sections III
and IV. Circuit implementations including critical building
blocks of the prototype are described in Section V. The
experimental results are shown and discussed in Section VI.
Finally, conclusions are drawn in Section VII.
II. OVERVIEWS OF CDS A LGORITHMS
X-ray CCD signal in a single pixel, shown as Vin in Fig. 1,
consists of three parts: the reset pulse, the floating level
VF (section F), and the signal level VS (section S). When
no X-ray is applied, VS only contains the dark voltage VS1
resulting from the dark-current noise. When X-ray is applied,

0018-9499 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

598

Fig. 1.
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Principle of three typical CDS algorithms. (a) DS-CDS. (b) IT-CDS. (c) MS-CDS.

VS changes to the light voltage VS2 . Their difference VS1 −VS2
is proportional to the energy of the incident photon. The main
task of CDS is to efficiently get VF − VS .
Conventional CDS algorithms can be divided mainly into
three categories: double-sample CDS (DS-CDS) or clamp-andsample CDS [14], [15], integrating CDS (IT-CDS) [16], [17],
and multisample CDS (MS-CDS) or correlated multiple sampling [18]–[21]. All these types of CDS algorithms have been
widely used in different applications.
A. DS-CDS Algorithm
This type of CDS is the first CDS algorithm from which
the name “CDS” originates. The instantaneous VF and VS are
sampled separately by two sample-and-hold (S/H) circuits with
a time interval of T , as shown in Fig. 1(a). Their difference
is obtained by a subtraction circuit typically based on an
operational amplifier (OPA). The principle of the DS-CDS can
be modeled in the time domain as
Vout (t) = Vin (t)δ(t) − Vin (t)δ(t − T )

(1)

where the S/H function is approximated as a unit impulse for
simplicity. Therefore, its transfer function (TF) in the z-domain
can be derived as
HDS−CDS(z) = 1 − z −T .

(2)

Assuming that the PR of the CCD signal is 100 kHz, T
occupies half of the CCD period, with a value of 5 μs. The
frequency spectrum of the DS-CDS is shown in Fig. 2(a).
Obviously, the TF of the DS-CDS acts like a high-pass filter,
significantly suppressing the low-frequency correlated noise
component. Due to its compatibility with the commercial
CMOS process, a variety of circuit architectures have been
invented. Despite its simplicity and low cost, the DS-CDS
cannot suppress the high-frequency noise efficiently and even
has no suppression effect on those with the frequency of odd
multiple of half the PR.
B. IT-CDS Algorithm
In order to overcome the drawbacks of the DS-CDS,
the IT-CDS has emerged. It integrates both VF and VS with
a time interval T for the same integral time Ti , as shown

Fig. 2. Frequency spectrum of TF with PR = 100 kHz and T = 5 μs for
(a) DS-CDS, (b) IT-CDS with Ti = 3.3 μs, and (c) MS-CDS with TS =
83.3 ns and N S = 40.

in Fig. 1(b). Thus, the so-called “differential averaging” [17]
between VF and VS can be obtained. The principle of the
IT-CDS can be modeled in the time domain as
 t +Ti
 t +T +Ti
Vout (t) =
Vin (t)dt −
Vin (t)dt.
(3)
t

t +T

The s-domain TF expression is derived as
1
HIT−CDS(s) =
(1 − e−sTi )(1 − e−sT ).
(4)
sTi
Due to the fact that the integration in the time domain has
a low-pass characteristic in the frequency domain, the IT-CDS
combining both integration and CDS functions acts like a
bandpass filter with the magnitude of its high-frequency part
rolling-off quickly, as shown in Fig. 2(b). It is therefore the
optimal analog processing technique when only white noise
is present. However, the integration usually requires a large
value of Ti to achieve an aggressive rolling-off envelope,
thus resulting in a large volume resistor or capacitor, which
is not realistic for both high-PR applications and monolithic
integration.
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TABLE I

C. MS-CDS Algorithm
In order to realize the ASIC implementation of CDS
with bandpass frequency characteristic like the IT-CDS,
the MS-CDS comes into reality. It samples both VF and VS
N S times with a sampling period of TS . Similarly, the time
interval for the samples between VF and VS is T , and
thus, the averaging difference between VF and VS can also
be obtained [see Fig. 1(c)]. The principle of the MS-CDS can
be modeled in the time domain as
Vout (t) =

C OMPARISON OF CDS A LGORITHMS

N S −1
1 
Vin (nTs )δ(t − nTs )
NS

−

n=0
N
S −1

1
NS

Vin (nTs )δ(t − T − nTs ).

(5)

n=0

The z-domain TF expression is derived as
N
S −1
1
−T
HMS−CDS(z) =
(1 − z
)
z −nTs .
NS

(6)

n=0

Assuming that N S is 40 and TS equals to Ti /N S approximately, the frequency spectrum of the MS-CDS is shown
in Fig. 2(c). MS-CDS has a similar bandpass characteristic
with the IT-CDS except for those noise components with
much higher frequencies that result from sampling aliasing
and thus has a little effect on practical applications. For
this reason, IT-CDS is the most widely adopted CDS type
for ASIC implementation, especially for space astronomical
applications. It has been proven that the larger N S value
is, the more the overall noise can be suppressed [23], [24],
including, in particular, the high-frequency noise components.
Experimentally, readout noise, measured as √
equivalent noise
charge (ENC), is inversely proportional to N S . However,
from the perspective of ASIC design, large N S consumes a
lot of power and size which cannot be affordable in general.
Nevertheless, increasing N S is beneficial to reduce ENC.
D. Other CDS Algorithms
Besides the classic MS-CDS, two special categories of
MS-CDS have emerged in recent years. One is the digital
CDS (DCDS), and the other is -CDS. DCDS oversamples
the CCD signal directly by a high-speed analog-to-digital
converter (ADC) without using the front-end analog CDS
circuit and conducts the CDS function in the digital domain
adopting such weighting algorithms as Gaussian, Gumbel,
Laplace, and so on [25]–[28]. However, the high-speed ADC
is generally a power-hungry device that prevents DCDS from
low-power application.
The concept of the -CDS was first proposed in [29]
and has been adopted in the implementation of readout ASIC
(ROIC), named as MD/MND series [30]–[32], for X-ray CCDs
of the SXI onboard the Hitomi satellite [33]. Since it combines
the advantages of both the MS-CDS algorithm and the 
technique featuring oversampling and noise-shaping as well
as weighted decimation [34], theoretically, it has the potential
to attenuate the in-band noise even further compared with

the DCDS. A general comparison of the aforementioned CDS
algorithms is conducted in Table I.
However, the theory of the -CDS has not been quantitatively described in previous works until our work [35],
which provides, for the first time, the preliminary theoretical
analysis of the -CDS with an ASIC prototype. In this
paper, we extend our work even further to cover such issues
as frequency-domain analysis, compatibility for different PRs,
and optimization of the digital filters, based on which we
are trying to give a more elaborative and comprehensive
theoretical study of the -CDS algorithm.
III. -CDS A LGORITHM : M ODULATION
The operation of the -CDS algorithm, such as the
conventional -ADCs, can be divided into two parts, modulation and demodulation. Fig. 3 shows the general principle of
the -CDS algorithm. For the modulation part, taking the
advantages of oversampling and noise-shaping of an incremental  modulator (IDSM), the sampling procedure should not
be interrupted in a pixel period at least. Therefore, a dedicated
premodulator is introduced before the routine IDSM to realize
the CDS function. Through this arrangement, the modulation
can also be divided into two parts: premodulation and routinemodulation (or normal modulation as the case in the conventional IDSM).
A. Premodulation
Premodulation is fulfilled by the premodulator [29], which
works as follows: for samples in section F, the weights
are unity, while for the samples in section S, the weights
are −1, i.e., the polarities of the samples are inverted. Therefore, the subtraction operation that CDS requires can be
realized by the accumulation operation that the  technique
features. As shown in Fig. 3, V1 is a typical X-ray CCD
signal, which contains two pixel periods. When it is fed to
the premodulator, the output is V2 .
The premodulator can be easily implemented particularly
in differential switched-capacitor circuit [35], [36]. It should
be noted that, although the introduction of the premodulator
changes the demodulation algorithm, it does not alter the
operating procedure of the succeeding IDSM and thus the
stability condition either. In the practical design, the input
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Fig. 3.

Principle of -CDS algorithm.

Fig. 4.

Premodulated third-order 1-bit CIFF IDSM.

range has been carefully simulated to make sure that the loop is
stable. It only occupies less than 50% of the full-scale dynamic
range (DR).
To further improve the effective number of bit (ENOB),
as will be discussed later, succeeding pixel periods are introduced to generate the absolute magnitude for the foremost
pixel.
B. Routine-Modulation for Low/Medium PR
For applications of low/medium PR, e.g., 100 kHz,
to achieve a 12-bit ENOB [37], it is a good practice to
incorporate a single-bit quantizer [34], [38] in the IDSM due to
the following advantages that it has. First, it is unconditionally
linear; second, it makes the design of the succeeding decimation filter easier; finally, it has mismatch-immunity and low
power. Since linearity is of great importance, it is beneficial to
adopt the cascaded-integrator/feedforward (CIFF) modulator
structure. As a first step, to choose the order of the single-bit
IDSM conservatively, (7) is used [34]


(M + L − 1)!
.
(7)
ENOBIDSM ≈ log2
L!(M − 1)!

Therefore, the third-order IDSM structure is a good choice.
The topology of a special third-order 1-bit IDSM is shown
in Fig. 4. The intermittent operating nature of the IDSM
makes it possible to boost the ENOB by increasing the
length of the digital filter. Different from the conventional
DSM, the length of the digital filter could be larger than the
number of sampling points of the modulator in an IDSM.
The principle of this nonisometric time-interleaving sampling
scheme, as shown in Fig. 3, is described as follows. The
numbers of sampling points for sections F and S are both N S .
On this basis, an extra section P is introduced whose time
span is a pixel period. The number of sampling points in
section P is N P , making the length of the digital filter
2N S + N P . In this case, the conversion rate of a single
IDSM is only half the PR of the input signal. To achieve
one-to-one mapping between the analog input and digital
output of a single conversion, extra modulators must be added,
resulting in a time-interleaving multichannel sampling scheme,
as the case widely used in a time-interleaved ADC [39], [40].
A typical example is shown in Fig. 3, where only one
extra modulator is added and two channels are required
accordingly.
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This scheme can also be extended to using more modulators
to increase the ENOB even more. In general, if section
P covers a time span as N pixel periods, the number of
modulators required is N + 1.
Due to the fact that the outputs of the integrators directly
feedforward to the quantizer, the inputs of the integrators only
contain the quantization noise components, which could be
proven by the linear model of the modulator. The absence
of the signal components at the input of an integrator makes
its output swings significantly reduced; hence, the design complexity of the OPAs in the integrators is alleviated. In addition,
due to the fact that there is a direct path feeding the input signal
to the quantizer without the processing by the integrators,
the effect of integrator nonlinearity is greatly suppressed.
Therefore, the overall linearity of the modulator is improved.
The principle of the IDSM shown in Fig. 4 is described as
follows. At the beginning of each conversion cycle, all memory
elements are reset after which Vin is applied. Assume the
reference voltage for the quantizer is Vref . Using the notations
in Fig. 4, the outputs of all integrators can be derived in the
time domain for each section.
1) Section F: In this section, Vin [n] = VF [n] (n ∈ [1, N S ]);
thus, after N S cycles, the output of each integrator can be
expressed as follows:
V1 [N S ] = b

N
S −1

(VF [k] −
k=0
N
l−1
S −1 

V2 [N S ] = c1 b

Vref y[k])

(VF [k] −
l=0 k=0
N
l−1
S −1 m−1


V3 [N S ] = c2 c1 b
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V3 [2N S ] = c2 c1 b

N
l−1
S −1 m−1


(VF [k] − VS [k])

m=0 l=0 k=0
N
l−1
S −1 

+ c2 c1 b N S

N S −1
N S (N S − 1) 
VF [k]
+ c2 c1 b
2

− c2 c1 bVref

V1 [2N S + N P ] = b

(VF [k] − VS [k]) − bVref

V2 [2N S ] = c1 b

− bVref
V2 [2N S + N P ] = c1 b

2N
S −1


y[k]

2N
l−1
S −1 


VF [k] − c1 bVref

k=0

l=0

(11)

y[k]

k=0

(12)

V3 [2N S + N P ] = c2 c1 b N P

N
l−1
S −1 
l=0 k=0

(VF [k] − VS [k])
k=0
2N S 
+N P −1 
l−1
y[k].

(15)

k=0

C. Routine-Modulation for High PR
For applications of high PR, e.g., ≥1 MHz, such as highspeed -ADC, multibit quantizer is widely adopted owing
to its capability in reducing the oversampling ratio and the
design complexity of OPAs in the integrators. The multibit
quantizer is almost mandatory particularly when applications
favor technologies with thick gate oxide, e.g., 0.35-μm CMOS
that dominates the analog/mixed-signal ASIC design for the
low-Earth-orbit space astronomical applications.
The CIFF structure, as discussed previously, is also beneficial in high-PR applications. Particularly, the using of multibit
N
S −1

VF [k]

k=0
N
l−1
S −1 m−1


N
S −1

(VF [k] − VS [k]) + c2 c1 b

k=0

VF [k] + c2 c1 b

VF [k]

k=0
N
S −1

l=0

(VF [k] − VS [k]) + c2 c1 b N P N S

+ c2 c1 b N S

(14)

(VF [k] − VS [k])

− c1 bVref

N
l−1
S −1 

N P (N P − 1)
2

y[k]

k=0
N
l−1
S −1 
l=0 k=0
N
S −1

l=0 k=0

+ c2 c1 b

+N P −1
2N S 

+ c1 b N P

(VF [k] − VS [k])

+ c1 b N S

(VF [k] − VS [k])

(9)

k=0

l=0 k=0
N
S −1

N
S −1

+c1 b N S

Vref y[k])

(13)

k=0

(VF [k] − Vref y[k]) . (10)

k=0
N
l−1
S −1 

y[k].

3) Section P: In this section, Vin [n] = 0 (n ∈ [2N S + 1,
2N S + N P ]); thus, after 2N S + N P cycles, the output of each
integrator can be expressed as (14)–(16), as shown at the
bottom of this page

(8)

2) Section S: In this section, Vin [n] = −VS [n] (n ∈ [N S +1,
2N S ]); thus, after 2N S cycles, the output of each integrator can
be expressed as follows:
N
S −1

k=0
2N
l−1
S −1 m−1


m=0 l=0 k=0

m=0 l=0 k=0

V1 [2N S ] = b

VF [k]

l=0 k=0

N S (N S − 1)
2

m=0 l=0 k=0
N
S −1

(VF [k] − VS [k])

VF [k] − c2 c1 bVref

k=0

+N P −1 m−1
2N S 
l−1

m=0

l=0 k=0

y[k]

(16)
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Premodulated third-order 3-bit CIFF IDSM.

quantizer alleviates linearity requirement for integrators even
further. Nevertheless, ENOB of the modulator is limited
by the nonlinearity of the feedback digital-to-analog converter (DAC). A well-known solution is dynamic element
matching (DEM) [41].
For the stability of the modulator, quantization and DEM
operation must be performed during the nonoverlap duration
of the two-phase clock, which increases the power of the OPAs
and clock modules. To relax the timing limit, the shifted loop
delay (SLD) method [42] has been adopted, which moves the
delay of the last integrator to the feedback path. Also, the delay
from the first integrator is shifted to the signal input path to
keep the low-distortion property. Fig. 5 shows the topology of
the special third-order 3-bit IDSM with the typical DEM and
SLD methods in order to achieve 12-bit ENOB conservatively.
Similarly, the expressions of the integrators’ outputs can be
derived like the single-bit condition; thus, they are neglected
for simplicity.
However, the SLD structure has a shortcoming. Due to
the fact that it cascades a delay-free integrator as the last
integrator, longer time for stability is required compared with
its delayed counterpart. Nevertheless, since it reduces the gainbandwidth for the summing OPA which could, otherwise, not
be possible, the SLD structure is still a good structure for the
IDSM in this application.
Another major concern for high-PR applications is the speed
of the OPAs, and we have verified the feasibility of replacing
the active fully differential OPAs with the logic inverters
constructed in a pseudo-differential manner.
IV. -CDS A LGORITHM : D EMODULATION
Demodulation of the output signal of the modulator is to get
the N bits digital code Dout from the digital stream y[n] and
then use Dout to obtain the corresponding analog magnitude
of the input signal. Generally, for a typical -ADC, Dout in
the z-domain can be expressed as
Dout (z) = STF(z)×Vin(z)× H (z) + NTF(z)× E(z)× H (z)
(17)
where STF(z) and NTF(z) are the signal TF and noise
TF of the modulator, respectively, E(z) is the quantization
error, and H (z) is the TF of the digital filter. It is obvious
that only the first item in (17) is the signal component.

Let S(z) = STF(z) × Vin (z) × H (z) with the assumption that
h[n] is the unit impulse response function of H (z), s[n] is
thus the convolution of Vin [n], and h[n] in the time domain.
Considering the fact that Vin [n] equals zero in section P, then
after 2N S + N P cycles, we have
s(2N S + N P ) = A F [2N S + N P ] ∗

NS


VF [k]

k=1

− A S [2N S + N P ] ∗

NS


VS [k]

(18)

k=1

where A F [2N S + N P ] and A S [2N S + N P ] are the weights
for h[n] in sections F and
respectively; they are defined
 NS,
S
h[k]
and A S [2N S + N P ] =
as A F [2N S + N P ] =
k=1
2N S
k=N S +1 h[k]. According to the analysis of Section II, for the
ideal case in the MS-CDS algorithm, the weights for sections
F and S need to be symmetric, i.e.,
h[k] = h[2N S + 1 − k], (k ∈ [1, N S ]).

(19)

Therefore, the demodulation of the digital output of the IDSM
in the -CDS algorithm cannot be fulfilled by the routine
CoI filter or CIC filter. According to the previous analysis,
the demodulation filter for the -CDS algorithm should
have the following two main characteristics: first, the weights
for sections F and S should be significant enough, which
leads to a strong motivation to allocate the largest weights
to these sections. Second, the weights for section P are of
less importance, and only the feasibility of filter realization
should be considered.
A. LS Filter
Assume L is the filter length, which satisfies the condition
L = 2N S + N P . VLSB is the analog voltage that a least
significant bit represents; thus, the analog input for a single
conversion can be expressed as
Vin = VLSB

L


h[k]y[k], (n ∈ [1, L]).

(20)

k=1

Obviously, to solve h[n], at least L sets of Vin and the
corresponding y[n] values are preferred. However, to obtain
the optimal value of h[n], N(N ≥ L) sets of Vin and
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V3 [2N S + N P ] = A(VF − VS ) + BVF − c2 c1 bVref

+N P −1 m−1
2N S 
l−1

m=0

where

y[k]

(23)

l=0 k=0



N S N P (N P − 1)
N P N S (N S − 1)
N S (N S − 1)(N S − 2)
+
+
2
2
6
2
2
B = c2 c1 b[N P N S + N S (N S − 1)]



A = c2 c1 b

⎛
V F − VS =

2N S 
+N P −1 m−1
l−1


c2 c1 bVref
⎝
Aβ

m=0

y[k] − β

l=0 k=0

2N
l−1
S −1 m−1



(24)
(25)

⎞
y[k]⎠ +

m=0 l=0 k=0

V3 [2N S + N P ] − βV3 [2N S ]
Aβ

(29)

where
β=

B
N S N P (2N P + 2N S − 4)
= 1 + N P /(N S − 1); Aβ = A − βC = c2 c1 b
D
6

the corresponding y[n] values are needed, resulting in an
overdetermined equation array, as shown in the following:
VLSB yh = Vin

(21)

where y is an L × N matrix and h and Vin are 1 × L array and
1 × N array, respectively. The solution to (21) can be found
through the least squares (LS) method; thus
−1 T
h = VLSB
y Vin .

whose value can be approximated to zero. Similarly, (13) can
be simplified as follows:
V3 [2N S ] = C(VF − VS ) + DVF
− c2 c1 bVref

B. DCoI Filter
Although the CoI filter has the advantage of simple structure, it is not an optimal filtering method for quantization
noise and thermal noise [43], [44]. More important, the CoI
filter cannot be used directly in the -CDS algorithm.
To solve this problem, we proposed a differential cascade-ofintegrator (DCoI) filter in [35]. Its principles are elaborated as
follows.
Before going deep into the analysis, let us first simplify
(16). In the following, constant VF and VS (n ∈ [1, 2N S ]) are
assumed for simplicity; thus, we get (23)–(25), as shown at
the top of this page.
The goal of the demodulation filter is to obtain the value
of VF − VS . Since (14)–(16) contain the complete information
of y[n], any of them can be used. However, (16) is preferred
owing to the fact that V3 can be considered as a small quantity

2N
l−1
S −1 m−1



y[k]

(26)

m=0 l=0 k=0

where
N S (N S − 1)(N S − 2)
6
D = c2 c1 b N S2 (N S − 1).
C = c2 c1 b

(22)

Due to the fact that the LS filter requires a large number
of real-time numerical operations, especially multiplications,
the area and power consumptions are so large that this filter
is not economic to be implemented in ASIC. To this end,
MD/MND series use an FPGA to implement this filter. On the
other hand, h[n] does not have symmetry for sections F and
S as shown in (19). Therefore, compared with the symmetric
filtering algorithm, the LS filter is less effective in filtering out
the in-band noise.
However, for the IDSM using multibit quantizer, the LS
filter is almost the only effective method for demodulation.

(30)

(27)
(28)

Solving (23) and (26) together, we have (29), as shown at
the top of this page. The first item of (29) is an estimate
of VF − VS , and the second item is the relative quantization
error eq . Under the condition of a large number of samples in
a single conversion, Aβ is large, making eq negligible. Thus,
we have (31), which indicates that the DCoI filter can be
realized through a few numerical operations [35]. Particularly,
when β is a power of 2, no multiplication is needed
Dout =

2N S 
+N P −1 m−1
l−1

m=0

l=0 k=0

y[k] − β

2N
l−1
S −1 m−1



y[k]. (31)

m=0 l=0 k=0

It is easy to get the TF of the DCoI filter by using the unit
impulse in (31). According to the method in [45], the ENOB
of the -CDS algorithm adopting the DCoI filter can be
derived as
Aβ
1
20 log
.
(32)
ENOB =
6.02
1+β
C. TCIC Filter
The conventional cascaded-integrator-comb (CIC) filter has
advantages, such as simple structure, high efficiency, and
economy [46]; also, it is a symmetric filter due to which
the envelope of its frequency spectrum decreases rapidly
and hence has a very good effect on removing the out-ofband noise. However, the CIC filter cannot directly demodulate the digital stream from the modulator of the -CDS
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Fig. 6. Example of the TF of the TCIC filter (L = 5, M = 76, N S = 40,
and N P = 148).
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Fig. 8. Comparison of frequency responses between the TCIC filter and the
DCoI filter.

Fig. 9.

Effects of sampling strategy and decimation filter type on ENOB.

Fig. 7. Comparison of frequency responses of the TCIC filters with different
M values (L = 5 and N S = 40).

algorithm either. Scrutinizing the characteristics of the LS
filter and the DCoI filter, we find that their TFs are highly
similar each of which looks like a truncated quasi-Gaussian
filter with the weights for the left side omitted. However,
in both the filters, the weights for sections F and S are not
symmetric. Based on these observations, we have a strong yet
natural motivation to apply the CIC filter to the demodulation of the -CDS algorithm by truncating its length that
comes out the TCIC filter whose principle is explained as
follows.
The first N P points are omitted, which is equivalent to
multiplying the CIC function with a length of 2(N S + N P )
by a unit step function with N P latency. Therefore, the TF of
the TCIC filter in the z-domain can be expressed as
L

1 1 − z −N P
1 1 − z −M
×
(33)
HT C I C (z) =
N P 1 − z −1
M 1 − z −1
where M is the decimation ratio. The length of the TCIC
filter is thus 2N S + N P , which satisfies 2(N S + N P ) =
L M − (L − 1).
Due to the fact that only accumulation operation is required
to implement the TCIC filter, it is the most economical method
compared with the previous two filters. Besides, making the
weights for sections F and S symmetric, the correlated noise
can be suppressed completely in theory. As an example, Fig. 6
shows the TF of the TCIC filter with L = 5, M = 76, N S =
40, and N P = 148.

Fig. 10.

AFE schematic for ULN1C ROIC.

For the conventional CIC filter, the in-band cutoff frequency
decreases as M increases. Therefore, in such application that
has a relatively severe resolution requirement, a large M value
is generally used whose negative effect is the deterioration of
the in-band gain. For a given order and N S , the frequency
responses of the TCIC filters with different M are analyzed,
as shown in Fig. 7. It is interesting that this feature of the CIC
filter is also applicable to the TCIC filter.
D. Comparisons Between DCoI Filter and TCIC Filter
In addition, compared with the DCoI filter having the same
length, the TCIC filter has a more aggressive out-of-band
rolling-off characteristic, which is desired to filter out more
high-frequency noise.
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Micrograph of the ROIC.

1) Frequency-Domain Performance: In order to compare
the spectrum performances of the TCIC filter and the DCoI
filter with the same length, parameters shown in Fig. 6
are adopted. Fig. 8 gives a comparison of the frequencydomain characteristics between the fifth-order TCIC filter and
the third-order DCoI filter. Also, it gives as references the
frequency responses of the fifth-order CIC (Sinc5 ) filter corresponding to the target TCIC filter and the third-order CoI filter
with which the target DCoI filter corresponds, respectively.
Similar to the CoI filter, weights for the left side of both
the TCIC filter and the DCoI filter are not zero. Comparing
with the CIC filter which has zero weights for both sides,
these three filters have high-pass characteristics, and thus,
the suppression of in-band noise is greatly weakened. This
conclusion is confirmed by the frequency spectra, as shown
in Fig. 8. Frequency responses of these filters with the same
length except the CIC filter are similar, especially in the highfrequency part. However, in the low-frequency part, the fifthorder TCIC filter has the best gain performance, which well
compensates for the drop of the in-band signal caused by the
more aggressive spectrum envelope of the CIC filter with the
same order.
2) Accuracy Performance: The system-level simulation
results of the effects of sampling strategy and decimation filter
type on the ENOB are shown in Fig. 9. Obviously, increasing
N S or N P improves the ENOB. This is because increasing N S
improves the weights of the effective signal, and making large
N P reduces the quantization noise by better averaging it in
the sampling band. Further analysis shows that when N P is
small, the DCoI filter gets a larger ENOB. On the contrary,
the TCIC filter achieves a larger ENOB when N P is large.
Given the length of the filter, an increase of N P can efficiently
reduce N S , making this strategy an effective solution to the
practical implementation issues. This is because when comes
to implementation, a large N S value not only limits the OPA
speed but also complicates the design.
V. C IRCUIT I MPLEMENTATION
To verify the algorithm, a prototype ROIC, named ULN1C,
has been designed. It is a single-channel -CDS ASIC
for the readout of CCD236 from e2v [12], [47] for X-ray
spectroscopy observation ranging from 1–15 keV. The target
PR is 100 kHz.

Fig. 12.

Implementation of the TCIC filter.

A. AFE
The analog front-end (AFE) for the ROIC, as shown
in Fig. 10, is a three-stage amplifier, which utilizes capacitive
coupling to remove the large output common-mode (CM) voltage of the original X-ray CCD signal. The first two stages are
implemented in fully differential to suppress the second-order
harmonic distortion and CM interferences as well as boost the
DR, while the last stage is implemented in pseudo-differential
to make a balance among driving capacity, linearity, and power
consumption. Two gain modes, 20-fold and 40-fold, are used
to be compatible with the large input DR [36]. To make
efficient use of the DR for the succeeding IDSM, baseline
adjustment [14] can be realized through the second stage by
tuning voltage (VDAC ) from an integrated DAC. The noise of
the first stage is of most importance, which requires meticulous
systematic design and transistor size tuning.
B. Modulator
Two premodulated time-interleaved third-order 1-bit CIFF
IDSMs, as shown in Fig. 4, are adopted. The sampling
intervals among sections F, S, and P can be configured by a
serial peripheral interface (SPI) flexibly to avoid the glitches in
the CCD signals. M and L are chosen as 76 and 5; accordingly,
N S and N P are optimized as 40 and 148, respectively.
C. Decimation Filter
According to the sampling strategy of the modulator, two
fifth-order 228-point TCIC filters are used. The weights for the
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Fig. 13. Measured performances of ULN1C under 50-kHz PR (a) INL and EIN without CCD236 and (b) energy spectrum with CCD236 using 1 μCi 55 Fe
radioisotope. Measured performances of ULN1C under 100-kHz PR (c) INL and EIN without CCD236 and (d) energy spectrum with CCD236 using 1 μCi
55 Fe radioisotope.

individual TCIC filter are shown in Fig. 6, and its simplified
implementation structure is shown in Fig. 11, in which Y and
Dout are the single-bit digital stream from the proceeding modulator and 14-bit parallel output. C K S , RST , C K D EC , and
C K OUT are the operating gated-clock, reset clock, decimation
clock, and output clock, respectively. The behavior of C K DEC
indicates that only three decimation processes are required.
D. Prototype
The prototype of the ULN1C consists of an AFE, two
modulators, and two TCIC filters. Besides, a digital control
unit, an SPI, and a gated clock generator are also integrated.
It was fabricated with GlobalFoundries 2P4M 0.35-μm CMOS
process and packaged in 64-pin low-profile quad flat package.
The chip micrograph is shown in Fig. 12, which occupies an
area of 2992 × 2018 μm2 .

ENC. The DAQ system consists of three printed circuit
boards mounting upon each other. Critical analog components
including the ULN1C are located in the first card, the power
supply module and digital module made up of an FPGA and a
universal serial bus (USB) transceiver are located in the second
card, and the high-voltage drivers for the target CCD are
within the third card. Besides, a unity-gain preamplifier (PreAMP) is placed near to the CCD236 to improve the driving
capability. Dout from the ROIC is packaged and transmitted
to the computer through a USB cable.
For the electrical parameter evaluation, a pseudo-CCD signal generated from an arbitrary function generator is applied
as the input signal, and it is conducted under room temperature. For the application verification, the target X-ray
CCD is cooled down to below 213 K and irradiated by the
standard 1 μCi 55 Fe radioisotope in a vacuum chamber manufactured by stainless steel.

VI. E XPERIMENTAL R ESULTS
A. Setup

B. Performances

Testing of the ULN1C was carried out in our fully functional
X-ray CCD and ROIC evaluation platform [36]. It consists of
a molecular pump system, a light-shielded vacuum chamber,
a temperature control system, a data acquisition (DAQ) system,
and some routine electrical instruments. The testing strategy
of the ULN1C consists of two parts: one is the electrical
parameter evaluation without the target X-ray CCD for performance evaluation of the ROIC only, such as INL, equivalent
input-referred noise voltage (EIN), and power consumption.
The other is the application verification with CCD236 for the
performance evaluation of the whole DAQ system, including
energy resolution characterized by FWHM and the overall

The measured performances of the ULN1C are shown
in Fig. 13. From the electrical parameter evaluation, the measured INL and EIN under 50-kHz PR are within 39 ppm
and 10.2 μV. The total power consumption is only 17.8 mW
from a single 3.3-V supply. From the application verification
with CCD236 cooling down to in the vicinity of 160 K,
129 eV at 5.9-keV FWHM and 18-μV overall system readout noise (equivalent to 4.5 e− system ENC) are achieved.
As PR changes to 100 kHz, the performances are degraded
slightly. It should be noted that the theoretical best FWHM of
CCD236 limited both by the Fano limit of silicon and intrinsic
readout noise of CCD236 is 121 eV at 5.9 keV.
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TABLE II
P ERFORMANCE S UMMARY AND C OMPARISON W ITH P RIOR W ORKS

The performances of the ULN1C are summarized
in Table II, where this paper is also compared with recently
published ROICs for X-ray CCDs. The ROIC in this paper
has INLs almost one order of magnitude below all of its
counterparts and EIN approximately 33% of the rest ROICs.
It deserves mention that the noise of our previous work
[35] mainly comes from the AFE, especially OPA1, as shown
in Fig. 10. According to the theoretical analysis and simulation
of our previous work [12], [35], the overall noise performance
has been improved in this paper. It is achieved by making
large the transconductances and sizes of the input transistors
of OPA1 to reduce thermal noise and 1/ f noise, respectively.
Besides, we have also enlarged both C1 and C2 in the AFE by
33% to reduce the thermal noise of the preceding component
(CCD or Pre-AMP) and combat the mismatch effect as well.
In addition, to alleviate the speed requirements and gain
more balanced tradeoffs for the components in the modulator,
the sampling strategy is optimized as N S and N P being
40 and 148, respectively, instead of 50 and 138 as previously
adopted.
VII. C ONCLUSION
In this paper, the operating principles and the practical
design issues of the -CDS algorithm for X-ray CCD
applications have been studied. Comparing the existing CDS
algorithms, the -CDS combines the advantages of the
IT-CDS and the MS-CDS and achieves the best powerefficient solution to processing the X-ray CCD signals.
To verify the algorithm, a prototype ROIC, mainly consisting
two premodulated third-order 1-bit IDSMs and two fifthorder 228-point TCIC filters, has been designed and measured. The experimental results show that the performances
of 39-ppm INL and 129 eV at 5.9-keV FWHM under 50-kHz
PR have been achieved, which are the state of the art
thus far.
As X-ray astronomical probing techniques extensively
advancing toward the trend of low noise, low power, and
large scale, the presented -CDS algorithm is a promising
candidate in processing X-ray CCD signals with regard to
spectroscopy and timing observations.
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