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Abstract—This paper presents a direct photon-counting X-ray
image detector with a Hgl, photoconductor for high-quality
medical imaging applications. The proposed sampling-based
charge preamplifier with asynchronous self-reset enables a pixel
to detect single X-ray photon energy with higher sensitivity and
faster processing rate. The use of the correlated double sampling
enabled by the sampling-based architecture also reduces flicker
noise and contributes to the achievement of high pixel-to-pixel
uniformity. Discrimination of the energy level of the detected
X-rays is performed by the proposed compact in-pixel ADC with
low power consumption. Three 15-bit counters in each pixel count
up energy-discriminated photons for the reconstruction of multi-
spectral X-ray images. A 128 X 128 X-ray image detector with a
pixel size of 60 X 60 pum? is implemented and measured using
a 0.13-pm/0.35-pm standard CMOS process. It discriminates 3
energy levels of photon energy with a gain of 107 mV /ke™ and
a static power consumption of 4.6 ;W /pixel. The measured
equivalent noise charge (ENC) and minimum detectable energy
level of the detector pixel are 68 e~ rms and 290 e —, respectively.
The measured maximum threshold dispersion in the pixel array
is 164 e~ rms without any calibration. The functionality of our
chip is also successfully demonstrated using real X-ray images.

Index Terms—ADC, arrays, CMOS, detectors, image sensors,
photoconductor, photon counting, photonics, preamplifiers, sam-
pling-based circuits, switches, x-ray imaging.

I. INTRODUCTION

XISTING and emerging applications of digital X-ray
imaging can be found in a variety of fields including
medical imaging, crystallography, security, astrophysics, and
particle physics research. The basic principle of digital X-ray
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imaging is illustrated in Fig. 1. A digital X-ray image detector
detects X-ray photons that are transmitted from X-radiation
sources and passed through a target object. The sensing ele-
ment absorbs X-ray photons in a target range of energies and
produces a charge packet proportional to the energy of the
absorbed X-ray photon. The electronic circuit takes the charge
packet generated by the sensing element and produces a voltage
signal that is proportional to the detected amount of charge.
The voltage signal is then converted into a digital signal by A/D
conversion. Finally, the resulting digital data are transferred to
the external host system for the reconstruction of X-ray images.

In Fig. 1, the sensing elements can be classified according
to their principle of operation: direct conversion type and
indirect conversion type. In the direct conversion type, the
semiconductor photoconductor converts X-ray photons into
charge packets by the photo-electric effect, and the gener-
ated charge packet is directly processed by an interconnected
CMOS front-end ASIC. In the indirect conversion type, X-ray
photons are absorbed in the scintillator material, and then a
secondary visible light flash is produced from the scintillator
as a result of an ionizing particle interacting with the scintil-
lator. A CMOS front-end ASIC under the scintillator detects
a visible light flash by using a silicon photodiode. Compared
with the indirect type, the direct conversion method has higher
X-ray-to-charge conversion efficiency and position resolution.
Therefore, direct-type sensing is suitable for medical imaging
applications, where dose efficiency and image quality are
especially important.

When hit by an X-ray photon, the photoconductor generates
a charge packet that drifts toward the electrode. In the conven-
tional detectors [1], [2], the charge generated by a large number
of detected photons is integrated in a continuous-time fashion
during the exposure time so as to produce an X-photon trans-
mission intensity image. However, by doing so, the photon en-
ergies can be added together without distinction of individual
X-ray photons. Furthermore, noise is added to the useful signal
during the charge integration time. To solve these problems, the
photon counting method was suggested in [3]. The method ef-
fectively rejects noise, and the individual X-ray photon energy
can be measured. Moreover, it allows immediate discrimina-
tion of X-ray photons with different energy levels, as shown in
Fig. 2. Note that several different X-ray images can be achieved

0018-9200/$31.00 © 2012 IEEE
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Fig. 1. Principle and structure of X-ray image detector system.
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depending on the different energy levels of the absorbed X-rays
[4]. For example, in medical radiography, the photon counting
with multi-energy discrimination enables separation of soft tis-
sues from bones, providing a compositional analysis through
multispectral X-ray imaging.

The X-ray image detector consists of one- or two-dimen-
sional arrays of photon detecting pixels. Fig. 3 shows a conven-
tional direct photon-detecting (photon-counting) pixel topology
and illustrates the photon-counting operation. When X-ray-to-
charge conversion occurs in the photoconductor, a charge packet
drifts toward the input pad of the unit pixel. Then, the charge
preamplifier generates a voltage signal proportional to the re-
ceived charge amount, and the voltage signal is compared with
a voltage threshold (Vry) which represents the pre-defined en-
ergy level so as to detect an input of sufficient amplitude. If the
voltage (Vour) is larger than the threshold (Vry ), the com-

parator triggers the photon counter for increment by 1. The cu-
mulative value of the counter represents the number of photons
received at the pixel. Finally, a grayscale X-ray image is gener-
ated by the total data gathered from all the pixels.

In the design of a high performance X-ray image detector,
several requirements and restrictions must be satisfied. In
the imager chip, the electrical power available per pixel
is usually restricted due to the potentially high number of
pixels. Moreover, each X-ray photon generates a small charge
amount with a typical range of 1-10 ke ; low-noise and high
charge-to-voltage conversion gain are therefore required for
the detector pixel to achieve adequate charge sensitivity. In
addition, a small semiconductor area per pixel is important,
because small pixel size enhances the spatial resolution of
the X-ray image. Increased pixel-to-pixel uniformity is also
required for improved image quality.
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Fig. 4. Circuit topology: (a) DC-feedback charge preamplifier; (b) proposed sampling-based charge preamplifier.

Several efforts to develop high performance X-ray photon
counting imager ICs have been reported. A photon counting
IC with 256 x 256 pixels with a pixel pitch of 55-um was
presented in [5]. However, this chip is capable of identifying
only a single energy band. An improved version of [5] was pro-
posed in [6] and [7]. In this chip, a 55-um single pixel could
recognize dual energy band of the photon. Another 32 x 32
pixels photon-counting chip [8] also made it possible to ob-
tain dual-energy X-ray images with a high dynamic range. In
addition, it has the functionality of reducing the comparator
threshold dispersion in each pixel. However, its pixel size of
200 x 200 pm? is much larger than that of other designs and
thus results in low spatial resolution. A triple-energy imaging
chip using three comparators in a pixel with a pixel pitch of
109-p2m was reported in [9]. Several other chips [10]-[12] can
also be found in the literature, and they are similar to those men-
tioned above.

In this paper, we present an asynchronous sampling-based
128 x 128 direct photon counting X-ray image detector
with a Hgl, photoconductor for high quality multispectral
X-ray medical imaging. In the photon counting pixel, the
proposed sampling-based charge preamplifier operates with
high charge-to-voltage conversion gain (107 mV /ke™ ) and a
fast hard-reset scheme. It also reduces threshold dispersion and
electronic noise. In addition, we present a compact in-pixel
ADC that discriminates three energy levels of a single X-ray

photon with only a single comparator. The proposed chip
achieves high spatial resolution (60 x 60 pum? /pixel) and low
power consumption (4.6 W /pixel).

II. SAMPLING-BASED CHARGE PREAMPLICATION

Every pixel of an X-ray image detector contains a charge
preamplifier that converts the collected charge packets into
voltage pulses. Fig. 4(a) shows the charge preamplifier that is
used in most conventional X-ray image detectors (as shown
in Fig. 3) with parasitic capacitances. It consists of an opera-
tional transconductance amplifier (OTA), a feedback capacitor
Cy, and a resistor Ip for DC feedback. The input parasitic
capacitance (', is the sum of the sensing element capacitance
and the OTA input capacitance. The load capacitance C1, is on
the output of the OTA. Due to the virtual short at the input of
the OTA, the pulse of an input charge from a sensing element,
Ipec(t), is transferred onto the feedback capacitor, C, and
creates a step of output voltage, Vur1 . In order to achieve high
charge-to-voltage conversion gain, I?r should be as large as
possible to prevent charge loss through it. Usually, a feedback
resistor Ry in the M) — G2 range is required as a DC-feedback
element; however it is not easy to implement such a high valued
resistor in monolithic processes. Therefore, the DC-feedback
charge preamplifier requires a circuit [13] that behaves like
a large resistor. However, this DC feedback circuit is very
sensitive to process-voltage-temperature (PVT) variation due



544

to the use of sub-nA current bias; it leads to undesirable offset
voltage and variable discharge time. Moreover, a large Rp
makes it difficult for the CF to discharge completely before the
next charge packet arrives due to the increased time-constant,
Ry Crp. This degrades the maximum available processing rate
of the detector pixel. Consequently, the charge-to-voltage con-
version efficiency and the charge reset speed are in a trade-off
relationship because of the DC-feedback with Ry.

To solve this trade-off problem between the conversion gain
and reset time, we propose a sampling-based charge pream-
plifier, as shown in Fig. 4(b). Instead of the feedback resistor
Ry, the sampling-based preamplifier uses a switch, SW, to
completely discharge the feedback capacitor CF in a short time
(hard reset). Before the charge packet is sampled, CF is reset
by SW for a short time duration. When the preamplifier sam-
ples the charge packet, Ipet(t), the SW is off, and the pulse of
the charge packet is then quickly converted into output voltage
Voura without loss, and Voyre stays at its peak value until the
SW resets C. After the voltage pulse processing, the feedback
analog switch is turned on by the reset control logic, and then
the charge reset is performed immediately within a very short
period.

The proposed sampling-based architecture has a similar ar-
chitecture to that for the time-variant approach, which is often
used in synchronous applications for high frame rate processing
[14]-[16]. In this application, however, the synchronous time-
variant approach can lead to dead time, during which signal
charge pulses are destroyed without being detected. In order
to detect asynchronous charge pulses without dead time, we
present a sampling-based charge preamplifier in conjunction
with an asynchronous self-reset control logic in this paper.

In the following, we discuss the advantages of the proposed
sampling-based charge preamplifier in comparison with the
conventional DC-feedback preamplifier. Assuming that the
OTA shown in Fig. 4 is a single-stage amplifier with infinite
output impedance, the transimpedance function 7Z;(s) of the
conventional charge preamplifier in Fig. 4(a), is given by (1),
and the transimpedance function Z2(s) of the proposed sam-
pling-based charge preamplifier in Fig. 4(b) is given by (2). (See
the equations at the bottom of the page.) The transimpedance
function Z;(s) possesses dominant and non-dominant poles
at 1/RpCr and ¢, /(CL 4+ Cry + CLCL,/Cr), respectively.
The high frequency zero at g,,,/CF is usually negligible. For
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sufficiently high transconductance g,,, of OTA, (1) and (2) can
be approximated as (3) and (4), respectively.

Ry

Zl(s) = 1 + SRFOF (3)
1
ZQ(S) = SOF (4)

Suppose an input charge pulse Ipet(?) is equal to Ipet - u{t —
t1) — Ipet - u(t — t1 — tpp), where t; is the starting time of the
Ipet current pulse; and ¢pp is the current pulse duration. Thus,
the pulse of a charge packet Qpe: is equal to Ipet - tpp. By
the inverse Laplace transforms of (3) and (4), at the end of an
input current pulse (¢ = ¢, + tpp), the output voltage Vour
of Fig. 4(a) and Voyro of Fig. 4(b) can be expressed as (5) and
(6), respectively.

Ope o
Vouri(ti +tpp) = Rp dDer (1 e —cff{’b,) )
ilpp
1 htten QDet
Voura(ty +tpp) = o / Ipes(t) - dt = = (6)
CF s CF

By using a Taylor series expansion, (5) can be separated into
two parts: the charge-to-voltage conversion term through the
feedback capacitor C'r and the error term due to the feedback
resistor Ry, as described in (7).

_ QDet — 1 tPD "
Vouri(ti +tpp) = Rp tpp 1= HZ:U n' \ CpRp
Qpet RrQper=1/( t "
_ ?t—%z—.(—opﬁ ) (7
- Pp ! rEp

Therefore, the charge-to-voltage conversion gains of
Fig. 4(a) and Fig. 4(b) can be defined as (8) and (9), re-
spectively. The second term on the right side of (8) is the gain
error due to the resistive DC-feedback. According to the above
analysis, the proposed sampling-based charge preamplifier
converts the input charge pulse into a voltage signal without
loss; hence the gain of the sampling-based preamplifier can
be designed to be much higher than that of the conventional
DC-feedback preamplifier.

tpp

Vour 1 "
= - 8
CFRF) 3

QDet B

Rr 1
CF tpD 2 7!

Vouri (5) = Zu(s)
IDet

RF(l - 5CF/5’111)

1+s (RFCF + CL€,+&) +5%(CrCm + CrCF + CI"’CF)%

Vour:
OUT2(y _ 7.(s)
IDet

1- SOF/gm

(1

- sCr + SZCLCIn“FCLCF“FCInCF

2)

G,
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charge-to-voltage
(= Vovri/Vour2) depending on the feedback resistor Er and on
the input current pulse duration .}, for C» = 10 {fF and Qper = 0.5 fC in
Fig. 4(a).

efficiency

Vours _ 1
QDet C(F

Examining (8), we see that the gain error term is dependent on
the feedback resistor Ey and the duration period of the input cur-
rent pulse, {pp. Fig. 5 shows the calculated charge-to-voltage
conversion efficiency (= Vouri/Voure) in relation to Ry and
tpp. As seen in Fig. 5, the longer {pp is, the larger the con-
tribution of the gain error of Vur is. In addition, the feed-
back resistor R must be increased to enhance the conversion
efficiency. However, the charge reset time, which is propor-
tional to the decay time of RpC', is also increased by large Rp.
Longer charge reset time limits the maximum photon counting
rate available per pixel. Furthermore, as can be seen in (8),
if tpp varies randomly or depends on the amount of Qpet,
the charge-to-voltage conversion gain is likely to be non-linear.
In contrast, in the proposed sampling-based charge preampli-
fier, there is no loss in charge-to-voltage conversion, and the
charge-to-voltage conversion is highly linear regardless of {pp,
as described in (9). For comparison, Fig. 6 shows the outputs of
simulated preamplifiers to an input charge packet of 0.5 fC for
the conventional DC-feedback preamplifier responses with Ep
sweep and the proposed sampling-based preamplifier response.

(€))

The main difference between the two architectural solutions
is the existence of the DC feedback resistance. The principal
noise source in the feedback resistor is thermal noise. The power
spectral density (PSD) Sy r of the thermal voltage noise on
the charge preamplifier’s output contributed by the feedback re-
sistor can be expressed in (10), shown at the bottom of the page.
Note that the poles of the feedback resistor noise PSD are equal
to the poles of the signal transimpedance function of (1). There-
fore, the equivalent noise charge £ /NCy r, as givenin (11), can
be approximated by the integral of a first-order noise voltage
PSD at a bandwidth defined by the dominant pole, divided by
the charge-to-voltage conversion factor.

ENCN:F ~ ]{:TCF (11)

The thermal noise of the OTA also affects the noise performance
of the charge preamplifier. The major component of the thermal
noise in a well-designed OTA is contributed by the input tran-
sistors. The output noise PSD S a, as given by (12), is found
from a simplified analysis, neglecting the noise of the remaining
transistors. Using (12), a simple approximation of the amplifier
ENCx, 4 can be achieved, as given by (13). (See the equations
at the bottom of the page.) According to (11) and (13), a value
of the feedback resistor has no influence on the ENC, because
opposite effects of the resistor simultaneously affect the spectral
density and the bandwidth. Therefore, there is no difference be-
tween the two architectural solutions in terms of thermal noise
effects depending on the existence of the feedback resistor.
Another significant noise is DC leakage current flowing to
the detector pixel from the photoconductor. In the conventional
structure of Fig. 4(a), the DC leakage current flows across the
DC feedback resistor and creates a DC offset voltage in the
charge preamplifier output. To cope with leakage current in the
DC-feedback preamplifier, an effective solution was reported in
[13]. In the proposed sampling-based architecture of Fig. 4(b),
the asynchronous behavior of the charge reset due to the ran-
domness of the process of charge packet arrivals causes vari-
able integration of the leakage current, which leads to a variable
offset voltage on the preamplifier output. In order to minimize
this effect in the proposed sampling-based architecture, the

ATRE|1 + 5Crn/gm |2

SN,F(S) = B (10)
ART [ g) |1 + sRp(Cry + Cp)|?
Sy als) = (4kT/gm) 1 + sRp(Cr,, + Cp)| . (12)
‘1 45 (RFCF + CL(‘]’:%) + SQ(CLCI” + CLCF + CITLCF)%
CrpC n
ENON,A ~ kTL (13)

Cr,
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asynchronous self-reset control logic with the preliminary
threshold (Vrm_pre) significantly reduces the variable
offset voltage. This function will be discussed in detail in
Section III-D.

III. PROPOSED ASYNCHRONOUS SAMPLING-BASED
MULTI-ENERGY PHOTON COUNTING PIXEL

A. Operational Principle and Structure of Pixel Circuit

Fig. 7 shows the detailed schematic of the proposed X-ray
photon-counting pixel circuit, which consists of the proposed
sampling-based charge preamplifier, a pixel-level ADC with a
start trigger, and three 15-bit counters. As explained in the pre-
vious section, the charge preamplifier is designed to acquire

electrical charge pulses Ipet(?) created by the absorption of
the X-ray photons in the photoconductor. The measurement of
X-ray photon energy is performed by quantization of the pream-
plifier output amplitude, which is proportional to the charge
packet; hence, the effective energy resolution depends on the
accuracy of the charge measurement. The following multi-en-
ergy discriminator (pixel-level ADC) classifies the energy of
the incoming charge packet into three energy bins. The resul-
tant output pulses (D1, Ds, and D3) from the ADC trigger the
subordinate three 15-bit counters to count the energy-discrimi-
nated X-ray photons. After the energy discrimination period is
finished, the ADC activates an asynchronous self-reset signal
that represents end-of-conversion ( FOC), and Cp is then reset
quickly by the reset switch M; in order to prepare the following
charge packet detection. This fast reset enhances the photon
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counting rate. Note that the discrimination period must be de-
signed to be shorter than the minimum input charge period so
as to avoid charge pulse pile-up from consecutive input charge
pulses [17]. Fig. 8 also describes the detailed operational proce-
dure of the proposed photon counting pixel with an example of
waveforms.

In order to obtain very sensitive charge detection capability,
a small feedback capacitor Crp of 1.5 fF was chosen, which
corresponds to a charge-to-voltage conversion gain of 107
mV /ke™ . Increased sensitivity at low X-ray energy not only
provides a high contrast ratio but also makes it possible to
reduce the radiation dosage and thus lower the damage to
patients. This small feedback capacitor Crp is implemented
by four 6-fF MIM capacitors connected in series to reduce the
pixel-to-pixel gain dispersion. The noise of the detector pixel
and the pixel-to-pixel effective threshold mismatch can also
affect the charge detection sensitivity. Thus, in the proposed
detector pixel, the correlated double sampling (CDS) technique
is used to reduce these effects.

B. Optimized Switching-Level Generator

Since the feedback capacitance Crp is very small, charge-in-
jection from the reset switch M; must be kept as small
as possible. To solve this problem, we propose an opti-
mized switching-level generator in conjunction with the
dummy switch My. Before describing the proposed optimized
switching-level generator, the charge injection from the analog
MOS switch is briefly reviewed. Fig. 9 shows the simulated
waveform of the released channel charge current Icy, () from
the switch in the turn-off transition. In order to observe the
injected charge amount, a falling ramp is applied to the gate
voltage Vg of the analog switch. Some important facts of the
charge injection in a MOS switch can be observed from the
waveform of the current Icy, (¢). As depicted in Fig. 9, the area

Vrh_pre < Vout < Vrhi

V1h1 < Vour < Vth2 V1h2 < Vour < Vs

under the curve of the current /oy, (#) during the turn-off transi-
tion can be separated into three different components Q,, Q1,,
and @, where (2, represents a portion of the channel charges
in strong inversion; (J}, represents the channel charges in weak
inversion; and (). represents the charges coupled through the
gate-to-drain-source overlap capacitance. Because the channel
charges in strong inversion, (J,, occupy a large portion of
the charge injection, the charge injection will be significantly
reduced if the switch operates in the weak inversion region.
More detailed analyses of the weak inversion charge injection
in an analog switch can be found in [18], [19].

Instead of using the conventional VDD-to-GND switching,
the proposed optimized switching-level generator turns the
analog switch on and off only in the weak inversion region. In
order to turn the switch on in weak inversion, the optimized
switching-level generator generates nearly-minimum gate
voltage Vi ; consequently, the Vigs of the reset switch is close
to the MOS threshold Vi, during the turn-on phase. When the
analog switch turns off, the Vgg of the switch is effectively
zero. As a result of using the optimized switching-level gen-
erator, the area under the curve of the current /¢y, (%) in the
turn-off transition of #; < £ < #4 can be reduced to the channel
charges in the weak inversion region (f2 < { < 3 in the bottom
of Fig. 9); the released channel charges from the switch are
reduced more than seven-fold compared with the conventional
VDD-to-GND switching. Therefore, the proposed optimized
switching-level generator significantly reduces charge injection
from the analog switch.

Fig. 10 shows the schematic of the proposed the optimized
switching-level generator circuit. The circuit is composed of a
source follower Mg, current source I3, and analog MUXs.
During the reset phase of the charge preamplifier, Vgs ms +
VREF 1s applied to the gate of the reset switch My, and Vs m1
of the reset switch is thus equal to Vsg m3. However, an ex-
ceedingly small Vs a3 (= Vgs,m1 during the reset-on phase)
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increases the on-resistance of the switch M. This leads to a re-
duction of the charge reset speed of the sampling-based charge
preamplifier. By adjusting /13, the voltage Vizs i1 can be con-
trolled during the reset phase. After the reset phase, the reset
switch My is turned off with Vgs v1 = 0 V by applying Vrer
to the gate of M. At the same time, the dummy switch M,
is turned on to cancel the charge injection from M;j. Fig. 11
presents the simulation results of the released channel charge
(Qcy) of My at the turn-off transition and the on-resistance
(Roy) of My during the turn-on phase for Vs as sweep from
0.5 Vtol V. As seen in Fig. 11, lowering of Vgg v3 in the
optimized switching-level generator circuit reduces the charge
injection from the switch M;, whereas the on-resistance of M;
increases. In this design, the optimal point of Vs v3 is found
to be 0.7 V for both small charge injection and fast charge reset

Qcn (fC)

0'1 T T T T
0.5 0.6 0.7 0.8 0.9 1.0

Vaesms (V)

Fig. 11. Simulation results: the released channel charge ( (Qcn) of the switch
M in turn-off transition and the on-resistance ( Ry ) of the switch M; during
the turn-on phase. The threshold voltage of NMOS transistor M, is approxi-
mately 680 mV.

speed. It is seen that the released channel charge (J¢yp, of 0.26
fC at Vgg vz = 0.7 V correlates well with the area under the
curve of Icy () of Fig. 9 in the transition of to < ¢ < ¢3. How-
ever, the Vg5 vi3 must be designed to be marginally higher than
that of the optimal design point, considering the PVT variations
of the optimized switching-level generator circuit. The charge
reset speed can be guaranteed by keeping the on-resistance of
the switch M, appropriately small. The increased charge injec-
tion effect caused by higher Vg a3 can be easily compensated
by the subsequent correlated double sampling (CDS) operation
described in the following section.

C. Correlated Double Sampling

While the charge injection from the reset switch is drastically
reduced by the optimized switching-level generator, the residual
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Fig. 13. Proposed successive-approximation-like (SAL) algorithm for X-ray photon energy discrimination.

error AVyuT due to charge injection from Mj still remains on
the charge preamplifier output. From our fabricated chips, the
remaining error (at the preamplifier output) AV yT of approxi-
mately 3 mV was measured without correlated double sampling.
However, the proposed sampling-based operation allows can-
cellation of not only the residual error AVyyr due to charge
injection but also the offset voltage V(55 of OTA by using the
correlated double sampling (CDS) technique. Fig. 12 describes
the proposed error cancellation procedure. Firstly, the offset of
the OTA (Vg) is sampled by Cops during the reset phase with
switches SW; and M; on. After that, the reset switch M turns
off, and the residual error voltage (AVoyt) due to charge injec-

tion from M; is also stored in Ccps. Because Vou starts from
VrEer regardless of the stored error amount, those error effects
are eliminated at the output. The charge injection from the SW;
is negligible because C'cpg of 65 fF is much higher than Cyp,
and most of the released channel charges from the SW; flow
to Vrer due to the low impedance. Owing to the CDS opera-
tion, the offset of the charge preamplifier is suppressed; thus, the
pixel-to-pixel uniformity of the pixel array is significantly im-
proved. Note that it is difficult to compensate the OTA’s offset in
the conventional charge preamplifier with a resistive DC feed-
back. In addition, the 1/f noise reduction also takes place by
virtue of the CDS. However, note that the filtering effect of
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Fig. 14. Charge preamplifier response and internal DAC waveform: (a) proposed SAL ADC (linear search fashion); (b) conventional SAR ADC (binary search

fashion).

the 1/ f noise is expected to be dependent on the asynchronous
charge pulse arrivals, unlike the CDS with constant switching
period, in the proposed sampling-based operation.

D. Successive-Approximation-Like ADC

After the charge packet is converted into voltage (VouT),
the X-ray photon energy discrimination process is performed
by the proposed successive-approximation-like (SAL) ADC.
In conventional approaches [5]-[11], multiple comparators are
used to discriminate X-ray photon energy, as in a flash-type
ADC. However, in segmented X-ray image detectors with a
large number of pixels, low power consumption and small area
are required. In this paper, we present a low-power and com-
pact-sized SAL ADC, which is adequate for in-pixel photon
energy discrimination. Fig. 7 shows the proposed SAL ADC,
which is composed of a clock-less comparator, SAL control
logic, and thermometer-coded DAC. The preliminary threshold
Vo _pre is set to be slightly higher than Vrgr in order to
prevent noise including dark DC current from triggering the
SAL ADC. If Vour > Vru_rre, the Start Trigger runs the
SAL ADC. The ADC has three energy thresholds, Vrpi,
Vrus, and Vrys (VTHl < Vi < VTHS), which can be
externally selected by software. Once the SAL ADC starts,
Vour is compared with Vrpg first. If Vour > Vrmi, then
D; =1 and the corresponding counter (CNT1) is incremented.
Further comparisons are performed with Vrgs and/or Vs
and counts up the correspondent counters. If ViouT is smaller
than a certain threshold or if all the conversions up to Vs
are completed, all the circuits except for the counters return
to the initial condition by the asynchronous self-reset signal,
named end-of-conversion (FEOC'). Because of its compact
single comparator structure, the SAL ADC could be integrated
in small pixel size (60 x 60 zm?) with low power consumption
(4.6 ;#W /pixel) while achieving multi-energy photon counting.
When a low energy X-ray photon arrives, the proposed SAL
ADC completes photon counting rapidly by skipping higher
level comparison, differently from the fixed conversion time
of typical ADCs. In X-ray imaging, low energy X-ray photons
arrive more frequently than high energy photons. Therefore,
the proposed SAL ADC is also applicable to higher counting
rate X-ray detectors.

Fig. 13 describes the proposed SAL algorithm for discrimi-
nating X-ray photon energy. Unlike traditional successive-ap-
proximation-register (SAR) ADCs, the proposed SAL ADC
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y
L
. I
0 2
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iy
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Fig. 15. Full chip architecture.

controls internal DAC linearly rather than in a binary search
fashion. As a result, the preamplifier settling and the discrim-
ination of the X-photon energy can be done simultaneously
(settling-while-conversion). Accordingly, the settling time of
the preamplifier is sharable with the energy discrimination
period, as depicted in Fig. 14(a). By so doing, the photon
counting rate can be improved. Furthermore, the static power
consumption of the preamplifier is reduced because of the re-
duced settling requirement of the preamplifier. A more detailed
explanation is provided in the following. Since the response
time of the charge preamplifier given by (2) is limited by the
non-dominant pole, 1/7ps & g /(CL + O, + CLCL/CF),
high OTA transconductance (g, ) is required for fast response
in Fig. 4(b). On the other hand, low OTA power consumption
is a consequence of the settling-while-conversion scheme in
the proposed SAL ADC, because the required ¢, of OTA
can be relaxed. As shown in Fig. 14(a), the OTA’s g,, can be
reduced until the settling slope of the preamplifier is the same
as the transition slope of Vpac. For settling to within a 0.25%
accuracy, 67py has only to be less than 3¢p, where ¢{p is the
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8mm

one-step conversion time of the SAL ADC. Therefore, the gy,
of the OTA can be designed to be reduced as (CL + Cr, +
CLC1,/CF)/0.5tp by using the proposed settling-while-con-
version scheme.

IV. FULL CHIP ARCHITECTURE AND PIXEL-DATA READOUT

Fig. 15 shows a block diagram of the designed X-ray image
detector chip. The charge detecting panel consists of a 128 X
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Fig. 18. Implementation of X-ray image detector with photoconductor (Hgl, ).
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Fig. 19. Pixel measurement results: (a) waveforms of charge preamplifier output and DAC output in SAL ADC; (b) preamplifier and Va4 responses for various
levels of input charge pulses; (c) measured transfer function of the SAL ADC; (d) waveforms of energy discrimination results.

128 pixel array with unit pixel size of 60 x 60 um?. The pixel and to read the pixel-data, respectively. The left-side shift reg-
array occupies 76.2% of the entire area. The periphery on the isters play the role of addressing the pixel array to perform I/O
right side of the chip contains bias blocks providing the pixel operations. Fig. 16 describes the simplified pixel-data readout
circuit with various bias voltages. Peripheries on the top and structure for the 2 x 2 pixels located at the bottom-left corner
bottom are used to write the configuration bits in each pixel of the chip. The row shift registers transfer the counter data of
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Fig. 20. Measured waveforms of low counting rate mode (0.4 MHz) and high
counting rate mode (1 MHz).

each pixel to the column parallel latch located at the bottom
periphery via the designated column data bus. Finally, the
counter data stored in the column parallel latch are selected
by the column shift register and transmitted to the output,
Doyr{14 0). Control signals for pixel-data readout are
provided by the timing controller. Each row pixel data are
stored and transferred to the output in parallel within 60 ps;
thus, the pixel-data readout operation is completed within 7.75
ms (= 60 ps x 129).

V. EXPERIMENTAL RESULTS

A prototype X-ray photon counting chip was fabricated in a
0.13-pm/0.35-pm 7-metal standard CMOS process [20]. A mi-
crograph of the fabricated chip is shown in Fig. 17. The chip
area is 8.8 mm x 8.8 mm including I/O pads. The analog and
the digital circuits have been designed to operate with 3.3 V and
1.2 V power supplies, respectively. The fabricated chip contains
around 22 million transistors. Fig. 17 shows the detailed layout
of a unit pixel, where the pixel pitch is 60 pm. The pixel con-
tains both analog and digital parts. The analog part including the
charge preamplifier is located in a deep n-well so that its sub-
strate is separated from the digital switching noise. The input
pad for bump bonding to the photoconductor is designed with
top metal (Al) and its size is 30 x 30 zem?. It should be noted that
the digital switching noise from the digital circuitry may couple
to the charge preamplifier’s input via the floating parasitic ca-
pacitance formed between the input pad and the underlying dig-
ital circuits, and deteriorate the signal integrity. It was verified
with parasitic extraction that the floating parasitic capacitance is
approximately 26 fF. To avoid this noise coupling problem via
parasitic coupling, a shield metal layer biased to AC ground is
inserted under the input pad to isolate the noise coupling from
the digital switching.

The implementation of the X-ray image detector with a
photoconductor is described in Fig. 18. In our implemented
system, mercury iodide (Hgl,) is used as a photoconductor
material [21]. This photoconductor, Hgl,, is known to have 70
e~ /keV X-ray-to-charge conversion efficiency. The maximum
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Fig. 21. Measured s-shaped curve of the pixel circuit for evaluating equivalent
noise charge (ENC).

incoming frequency of the input charge pulses is 0.5 MHz/pixel
in our target system. Therefore, the photon counting pixel
must finish processing a single X-ray photon within 2 us. In
this implementation, the thickness of the photoconductor is
100 pem.

A. Pixel Measurement Results

Fig. 19 shows the pixel measurement results. Fig. 19(a)
shows the transient responses of the charge preamplifier
(Vour) fora 7.4 ke™ input charge and the corresponding DAC
(Vbac) waveforms of the SAL ADC with threshold settings
of 2.1 kCi(VTHl), 4 kCi(VTHg), and 5.5 kCi(VTHg). VOUT
reaches its peak value within 200 ns and resets to the baseline
within 150 ns. Fig. 19(b) shows the charge preamplifier’s
output, Vo, and Vpac for various levels of input charge
pulses. Note that higher level photon counting is skipped
(Vpac does not increase) when the input charge is lower than
a certain threshold. Fig. 19(c) shows the measured transfer
function of the multi-energy discriminator (SAL ADC) with
the input charge sweep at thresholds of 1.15 ke (Vrgy), 2.88
ke™ (Vrae),and 4.6 ke (Vrms), respectively. Fig. 19(d) shows
the energy discrimination results (Dy, D2, and D3) for three
different input charge packets.

The measured maximum photon counting rate of the pro-
posed pixel is 1 MHz, which is sufficiently higher than the max-
imum charge incoming frequency of 0.5 MHz/pixel. As a result
of this design, our X-ray image detector is free from the charge
pile-up problem. The photon counting rate can be varied within
a range from 0.1 MHz to 1 MHz by adjustment of the digital
delay in the SAL controller. Fig. 20 demonstrates several key
waveforms at a low counting rate mode (0.4 MHz) and at a high
counting rate mode (1 MHz).

The electronic noise of the pixel is measured using the
s-shaped curve method [22]. This method gives information
on the noise in the entire front-end chain including the pream-
plifier and comparator circuits. Having a fixed threshold, an
input charge is swept from no counter counts (under threshold)
condition to 100% hits condition, creating an s-shaped curve.
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the amplitude of input charge packet.

The effective threshold is at 50% of this s-curve. The charge
difference between the levels of 2% and 98% of the s-curve
is four times the R.M.S. noise of the front-end, assuming
Gaussian distributed noise. Fig. 21 shows the measured s-curve
for our designed pixel. When the frequency fi, of the input
charge pulse is 0.1 MHz, the transition between 2% and 98%
response (4o ) for a single pixel takes place over an equivalent
charge variation of 441 e~ . Supposing a Gaussian distribution,
the measured equivalent noise charge (ENC) at f1, = 0.1 MHz
is 110 e~ rms. On the other hand, the measured ENC at
fin = 1 MHz is 68 e~ rms. One of the causes of the depen-
dence of ENC on the charge incoming frequency fi, is the
1/ f noise suppression of the proposed sampling-based charge
preamplifier. In Fig. 21, some non-monotonicity can be seen
due to limited sample numbers and some measurement errors;
however, it is still reasonable to estimate the ENC from a fit
of the measured s-curve because the minor non-monotonicity
in the s-curve has no significant influence on the equivalent
charge variation.

In order to measure the minimum detectable energy level of
the detector pixel, the energy threshold scanning was performed
without any signal at the input, and the measured minimum de-
tectable energy level at which the lowest threshold could be
placed was 290 e™.

B. Pixel Array Measurement and X-Radiation Experimental
Results

The proposed photon counting X-ray chip contains a total
of 16,384 pixels. For evaluating the detector pixel array in the
designed X-ray imager, several tests were performed. In order
to verify the operation of the energy discrimination with the
three 15-bit energy bins (counters) with threshold settings at 1.1
kef(VTHl), 2.7 kei(VTHz), and 4.1 kei(VTHg), 2,000 input
charge packets were injected into all pixels by sweeping the
amount of charge, and the counts in all pixels were measured.
The measured average counts from the total pixels are shown
in Fig. 22; the three different energy bands are clearly visible.
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Fig. 23. Measured threshold dispersions for energy thresholds Vw1, Virne,
and "Cng .

As can be seen, there is the non-monotonicity in the average
counts of Fig. 22. The global test input port which the electrical
test signals are applied to is placed at the top-right of the chip
and shared by all pixels. Therefore, due to the interconnection
line capacitances and resistances, the responses of the pixels
located far from the global test input port can be different from
those of the pixels near the global test input port. This structural
limitation could have influenced the non-monotonicity of the
average counts of Fig. 22. The measured standard deviations in
the transition band are also shown in Fig. 22. The deviation of
higher energy-level photon counting is slightly worse than that
of lower energy-level counting because noise is accumulated
due to the chain structure of the SAL controller.

The threshold dispersion is the standard deviation of the ef-
fective thresholds of all pixels; it also represents the pixel-to-
pixel uniformity. Fig. 23 shows the measured threshold disper-
sions. The measured threshold dispersions for Vi, Vrms, and
Vrns are 134e™ rms, 144.5e™ rms, and 164.3 e~ rms, respec-
tively, without any calibration.
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TABLE I
PERFORMANCE SUMMARY AND COMPARISON WITH PREVIOUS WORKS

Gain Pixel # lla)lltxc‘;: e:eﬁgy Counter Reset time ENC (;l;:;:::igl,,d* pl:)lv’:ilr
(mV/ke’) | (Kpixel) (um) bins (bits) (us) (¢ rms) (¢ rms) (W)
This 68
work 107 16 60 3 15 <0.15 @ fia= IMHz 134 - 164 4.6
Ref [5] 12.5 64 55 1 13 <1 141 -200 360 — 800 8
. < 1.5 (HG) 60 (HG) 1,000 (HG)
Ref[7] 11.4 64 55 2 12 <25 (LG) 85 (LG) 1,900 (LG) 9
80 + 20 (CdTe)
Ref[8] N/A 1 200 2 18 N/A 105 + 20 (Si) 180 N/A
Ref [9] 10.9 N/A 109 3 12 a few 213 N/A 15
Ref [10] N/A 1 500 1 8 8-10 N/A N/A 770
Ref[11] 19.2 0.13 1,000 2 18 N/A > 430 N/A 2,100
Ref [12] N/A 0.26 100 1 10 1-10 N/A N/A 20

*

without calibration.
** [7] measured in single pixel mode.
HG: High gain mode / LG: Low gain mode

Ar
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Fig. 24. X-ray images obtained from our designed X-ray chip.
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Fig. 25. Demonstrated single-energy X-ray images: (a) screw nut; (b) pen spring; (c) clip pin.

We performed real X-radiation experiments and successfully
demonstrated real X-ray images. Fig. 24 shows multi-energy
X-ray images obtained from our designed chip. In this exper-
iment, the material used in the tube of the X-ray source was
molybdenum (Mo) and the X-ray energy peaked at 49 kVp. The
tube current was 50 mA. The X-ray target object was the metal
legs of an IC package. As can be seen in the figure, the X-ray
image of the metal legs was projected on our detector chip. Note
that the X-ray photons are not able to transmit through metal.
Fig. 25 also presents single-energy X-ray images captured by

the proposed chip. Our X-ray image detector obtains high def-
inition quality without image blurring owing to its high spatial
resolution of 60 ym/pixel. The reason for some defects in the
obtained X-ray images is the low yield of the bump connection
between the photoconductor and the detector pixel of the X-ray
imager chip.

C. Performance Summary and Comparison With Prior Works

Table I compares the performances of the proposed X-ray
photon counting image detector with those of state-of-the-art
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detector chips [5], [7]-[12]. Thanks to the compact SAL ADC in
our design, the pixel pitch of the proposed chip is only 60 pzm de-
spite the 3-level photon energy detection capability. Charge-to-
voltage conversion gain of 107 mV /ke ™ is achieved, which is
more than five times higher than that of recently reported works.
Due to the fast charge reset scheme, the time to return to base-
line is under 150 ns. Also, each pixel consumes static power of
only 4.6 W, which is smaller than that of any previous works.
The measured equivalent noise charge (ENC) is 68 ¢~ rms at
the charge incoming frequency f1, = 1 MHz. The measured
maximum threshold dispersion is 164.3 ¢~ rms without any cal-
ibration. Since the proposed sampling-based operation allows
dynamic offset cancellation, the measured threshold dispersion
of our designed chip is relatively lower than that of previous
works.

VI. CONCLUSION

A multi-energy and high spatial resolution X-ray photon
counting image detector chip with low power consumption
is presented in this paper. A robust sampling-based charge
preamplifier with high charge-to-voltage conversion gain and
fast reset speed is proposed. Additionally, sampling-based
operation contributes to achieving high pixel-to-pixel uniform
performance and low noise by the correlated double sampling.
This paper also proposed an in-pixel SAL ADC (multi-energy
discriminator) to minimize energy consumption and improve
spatial resolution with 3-level discrimination of X-ray photon
energies. The functionality of our work is also successfully
demonstrated using real X-ray images. The proposed architec-
ture and design approach is applicable to high quality medical
X-ray image detectors with low radiation dosage to patients.
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