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Abstract In this paper, we present the design and
experimental evaluation of 1 V analog front-end amplifiers
designed in 90 nm CMOS technology for capacitive micro-
machined ultrasound transducers (CMUTSs) for medical
ultrasound imaging systems. We propose two front-end
amplifier topologies based on an inverter-based cascode
amplifier; the first is a continuous time amplifier and the
second is a charge sampling amplifier (CSA). The proposed
front-end amplifiers are designed to amplify the signals
from CMUTs in the frequency bandwidth from 15 to
45 MHz with a centre frequency of 30 MHz. From the
measurements, the continuous time single-ended transim-
pedance amplifier achieves a voltage gain of 19 dB, an
output noise power spectral density of 0.042 (uVy/
SQRT(Hz) at a centre-frequency of 30 MHz, and a total
harmonic distortion of —23 dB at 450 mV p—p output
voltage at 30 MHz input signal frequency. It draws only
598 pA per amplifier from a 1 V power supply. Its area
measured only about 32 um x 32 pm per amplifier. On the
other hand, a sampling based front-end amplifier [CSA]
achieves a transfer gain of 17.4 dB at an input signal fre-
quency of 30 MHz and an upper 3 dB cut-off frequency of
46 MHz at a sampling clock frequency of 100 MHz. It
consumes 586 pA per amplifier from a 1 V power supply
and achieves a signal-to-noise (SNR) ratio of 45.7 dB with
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a peak-to-peak output signal amplitude of 500 mV at a
sampling frequency of 100 MHz. It occupies an area of
1470.2 um? (which is equivalent to 38 um x 38 pm),
which also includes the area of the switches for the CSA
that will be used for the single CMUT element.

Keywords Inverter-based amplifier - Ultrasound front-
end - Charge sampling - Self-biased CSA - Medical
imaging - CMOS

1 Introduction

Ultrasound imaging has been in use since the 1970s for
medical diagnosis for a wide variety of medical investi-
gation purposes [1]. It has also become common practice to
use ultrasound imaging during surgery, including intra-
vascular ultrasound (IVUS) imaging. Compared to general
purpose ultrasound imaging systems, IVUS imaging sys-
tem requirements are quite challenging and in particular the
probe in IVUS imaging systems is based on a catheter with
a diameter of the order of 1 mm or less. The combination
of high frequency, small form factor, and good perfor-
mance requires ultrasound transducers and interface
electronics to be tightly integrated [2, 3]. In such catheter
based IVUS imaging systems, the latest ultrasound sen-
sors, capacitive micro-machined ultrasound transducers
(CMUTs), fit best compared to conventional piezoelectric
transducers, as CMUTs are compatible with the well
known CMOS process. These CMUTs are replacing the
long-established piezoelectric transducers in high fre-
quency and high resolution ultrasound imaging due to their
attractive features of micro-fabrication, wide bandwidth,
very high level of integration, and batch fabrication [4-6].
CMUTs can easily be integrated with CMOS front-end
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electronics either through flip-chip bonding [7-9] or
monolithically through CMUTs on the CMOS process [2,
3, 10, 11]. The integration of CMOS electronic circuits
with CMUTs will greatly cut down the cost of ultrasound
imaging systems as the mass production of CMOS elec-
tronic integrated circuits is very cheap. Such integration of
CMUTs with CMOS front-end electronics fits best with the
requirements of IVUS imaging system probes. All these
best features of CMUTs along with low-cost high-perfor-
mance CMOS interface electronic circuits enable us to
make a very cost effective integrated ultrasound system
[2-11].

For ultrasound imaging systems like catheter based
IVUS ultra sound systems [12] it is obvious that the CMOS
front-end electronic circuits should be very compact in size
and should have low power to avoid heating the blood too
much. One way to meet such design goals, is to design area
optimized analog front-end circuits by introducing novel
circuit architectures to meet small area, low power, and
performance requirements. A second approach is to design
the front-end electronic circuits in deep submicron CMOS
technologies to take advantage of their small feature sizes
and low supply voltages. Using such scaled down deep
submicron CMOS technologies after analog-to-digital
(ADC) conversion in the signal processing chain will
greatly improve the overall ultrasound system performance
in terms of area and power. From the integration aspects, it
is better to also design the front-end analog amplifiers in
deep submicron technologies, although this imposes many
challenges in the design of analog integrated circuits in
scaled down deep submicron CMOS technologies because
of low supply voltages [13—17].

The existing ultrasound analog front-ends reported in
the literature are the continuous time type with resistive
feedback or a combination of resistive and capacitive
feedback [2, 3, 5-9, 11, 18]. However, most of these
front-ends target much lower frequencies and are not
designed in state-of-the-art deep submicron technologies
to achieve small area requirements. These continuous
time mode ultrasound front-ends are also not best suited
for high frequency catheter based ultrasound systems. To
achieve the low area and low power requirements of the
ultrasound analog front-end for catheter based ultrasound
systems [12], we propose a single-ended transimpedance
amplifier topology by utilizing an inverter-based cascode
amplifier in 90 nm CMOS technology as compared to the
circuits designed in older CMOS technologies [2, 3, 5-9,
11, 18].

The closer we move the ADC block to the sensors in any
system, the more efficient the system will become as there
will be less loss. To lay the foundation in those lines, we
propose a charge sampling architecture as an ultrasound
analog front-end. Recently, charge sampling has been
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demonstrated as an attractive alternative compared to the
usual well known voltage sampling in high speed appli-
cations, even with low supply voltages [19-24]. Charge
sampling has also been proved to have better immunity
to clock jitter for certain ranges of input signal frequency
[25-27] and better performance at high speed and low
voltage operation compared to voltage sampling [19-24].
Although high speed charge integrating mode architectures
[23, 28, 29] have been reported, these were not used as
ultrasound front-ends and also were not designed in state-
of-the-art deep submicron technologies. To achieve the low
power, low area, and high speed requirements of the
ultrasound analog front-end for a catheter based ultrasound
system, self-biased CSA that utilizes an inverter-based
folded cascode amplifier is proposed in a 90 nm CMOS
technology. The performance of the self-biased CSA is also
compared with the recently reported similar sampling
architectures [23, 28, 29].

This paper is organized as follows. The second section
describes the two front-end amplifier topologies for
CMUTs. In the third section, the design of the single-ended
transimpedance amplifier and self-biased CSA in state-of-
the-art 90 nm CMOS technology is presented. In the fourth
section, simulation and measurement results are presented
in detail. Finally, the conclusions of this paper are given in
Sect. 5.

2 Description of the proposed front-end topologies
for CMUTs

In this section, two front-end amplifier topologies (single-
ended transimpedance amplifier and self-biased CSA) are
presented. Section 2.1 describes the single-ended transim-
pedance amplifier and Sect. 2.2 describes the self-biased
CSA.

2.1 Single-ended transimpedance amplifier

The regular transimpedance amplifier consisting of an
OTA (dotted lines) with resistive feedback is shown in
Fig. 1, which also shows the single-ended transimpedance
amplifier topology (if OTA is replaced with a single-ended
amplifier block). Here, the signal source is represented by
its Norton-equivalent. There are some advantages to using
this single-ended topology over the regular topology, as
explained below.

From Fig. 1, it can be observed that the regular OTA
based transimpedance amplifier requires an additional
biasing voltage at the positive input of the OTA; on the
other hand single-ended amplifier input will be biased to
the output DC voltage through the feedback resistor.
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Fig. 1 Proposed single-ended transimpedance amplifier and the
regular transimpedance amplifier (dotted lines)

As the output DC voltage will be biased at the input,
there is a design requirement to match the DC levels at the
input and output in the case of a single-ended amplifier.

The closed loop transimpedance gain of the above
amplifier is —Z; if the parasitic capacitances at both ends of
the off chip feedback resistor, Ry, are ignored and A(s) is
very large. This off chip feedback resistor will be inte-
grated into the chip later on. Here, Z¢ is the impedance in
the feedback path.

2.2 Self-biased CSA

In this section, first a simple CSA is presented as an analog
front-end for CMUTs, and then CMUT is described in
detail. Analysis of the CSA and proposed self-biased CSA
topology follows after description of the CMUT.

2.2.1 CSA as an ultrasound analog front-end for CMUTs

Figure 2 shows a simple CSA [20, 21, 25-27, 30, 31]. As
shown in Fig. 2, the CMUT electrical equivalent circuit is
used as a signal source. Here, A(s) is the transfer function
of the OTA and C; is the sampling feedback capacitor. In
the section below, CMUT is described in detail.
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Fig. 2 A simple Charge Sampling Amplifier (CSA) based on an OTA

222 CMUT

Advances in Micro Electro-Mechanical Systems (MEMS)
fabrication techniques have enabled high performance
CMUTs to be constructed. CMUTs are best suited to high
frequency ultrasound imaging applications compared to
their piezoelectric counterparts, as CMUT technology
allows a fine-pitch array of small elements to be fabricated.

CMUT converts ultrasound signals into electric signals
and vice versa. The first batch of CMUTs with a centre
frequency of 30 MHz and a bandwidth from 15 to 45 MHz
has already been fabricated [32]. A cross sectional view of
the fabricated CMUT with specifications is shown in
Fig. 3.

Basically, CMUT has two modes of operation:

e Transmit mode
e Reception mode

2.2.2.1 Transmit mode In this mode, a DC potential is
applied between the two electrodes shown in Fig. 3 to
activate the CMUT. When an AC signal is superimposed
over the applied DC potential, the membrane oscillates and
produces high frequency ultrasound signals. The frequency
and bandwidth of the ultrasound signals generated depend
on the CMUT physical parameters and bias conditions.

2.2.2.2 Reception mode In this mode, when an incoming
acoustic wave hits the CMUT it generates an equivalent
electrical signal. Here, the AC signal is replaced with the
front-end amplifier (single-ended transimpedance amplifier
or self-biased CSA) to amplify the signals generated by the
CMUT.

Typical model parameters of the designed CMUTs
(see the CMUT electrical equivalent circuit in Fig. 2)
are tabulated in Table 1 and used in the single-ended
transimpedance amplifier and self-biased CSA design
optimization.

Silicon nitride
membrane (100 nm)
Vacuum gap
(120 nm)

Silicon substrate
(Bottom electrode)

Fig. 3 Cross sectional view of the CMUT [32]
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Table 1 Typical CMUT electrical model parameters

Parameter Set #1 Set #2 Units
L, 0.29 0.937 mH
C. 140 30 fF
R, 106 159 kW
Cn 60 30 fF
Cp 30 25 fF
-60 ]
— -804 |
)
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Fig. 4 I;,/V, versus frequency for 52 CMUT elements connected in
parallel (set #2 in Table 1)

In the CMUT electrical equivalent circuit shown in
Fig. 2, R, is the acoustic resistance, C, is the acoustic
capacitance, L, represents the mass of the membrane and
some mass effect of the water outside the membrane, C,, is
the electrostatic capacitance of the CMUT element, and C,
is the parasitic capacitance between the CMUT-CMOS
interconnection node and the small signal ground, domi-
nated mainly by the interconnect parasitics. Here, V, is an
electrical voltage generated by an incoming acoustic wave.
For noise analysis, V, is replaced by a noise source rep-
resenting the thermal noise of R,.

Figure 4 shows I;,/V, versus frequency when 52 CMUT
elements are connected in parallel for the second set of
CMUT parameters shown in Table 1. It can be observed
from this figure that there is a centre frequency of 30 MHz
with a bandwidth of 30-45 MHz.

2.2.3 Analysis of charge sampling amplifier

Figure 5 shows the timing of the signals on switches S; and
S, for the CSA shown in Fig. 2. The timing of the signal on
switch S3 inverts to the timing of the signal on switch S;.
According to the timing of the signals on switches Sy, S,,
and S; shown in Fig. 5, there are three phases (reset,
integration, and hold) in the operation of the CSA.

The three phases are explained in detail below.

(i) Reset phase: each clock period starts with this phase.
During this phase, switch S is switched off, switch S,
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Fig. 5 Timing of the switches S; and S,

is switched on, and voltage across the feedback
capacitor Cris set to zero.

(i1) Integration phase: During the integration phase,
switch S; is switched on and switch S, is switched
off. This configures the circuit into a transimpedance
amplifier with the input signal current as the signal
source and C; as feedback capacitance. During this
phase, the input current i;, is integrated on C; and
provides an output voltage that is proportional to the
integral of the input current.

(iii) Hold phase: During the hold phase, both switches S,
are S, are switched off. The integrated signal during
the integration phase on the feedback capacitor Cyis
held constant during this phase.

To evaluate the performance of the CSA with the
CMUT serving as a signal source (see Fig. 2), a time
domain transient analysis is performed in ELDO (Mentor
Graphics) [33] by using ideal circuit blocks (OTA and
switches) with and without switch S3 (see Fig. 2) at a
sampling clock frequency of 125 MHz (1.5 ns for the reset
phase, 5 ns for the integration phase, and 1.5 ns for the
hold phase). Here, OTA is modelled with an open loop gain
of 40 dB and switches are modelled with an on-resistance
of 1 kQ. The model parameters tabulated in Table 1 are
used for the CMUT electrical equivalent circuit parameters
shown in Fig. 2.

Figure 6 shows the transfer gain from the CMUT signal
source, V,, to the output of the CSA (see Fig. 2) by varying
the input signal frequency and keeping the clock frequency
at 125 MHz for both cases with and without switch S5 as
shown in Fig. 2. It can be seen from Fig. 6 that the transfer
function from the CMUT signal source V, to the output of
the CSA is the sinc function as discussed in [20, 21, 25-27,
30, 31]. As reported in [20, 21, 25-27, 30, 31], the 3 dB
bandwidth of the CSA (with switch S3) transfer function is
(0.44/At). Here At is the pulse width of the timing wave of
switch S; and is the same as the integration (or charging)
time. Unlike in conventional voltage sampling, a 3 dB
bandwidth in charge sampling is independent of process
parameters or any component values in the circuit. It can
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Fig. 6 Transfer gain from the CMUT signal source to the output of
the CSA versus input signal frequency with and without switch S3

easily be modified simply by changing the clock frequency
and/or integration time (At).

It is clear from Fig. 6 that the transfer gain is higher
when switch S5 is not there in the circuit shown in Fig. 2.
This is quite intuitive, as for the circuit topology with
switch S; (see Fig. 2), during the reset phase (switch S;
switched off and switch S, switched on), switch S; is
switched on and the signal has a conducting path to
ground. But when switch S3 is not there in the circuit
shown in Fig. 2, during the reset phase, the charge is
integrated on the parasitic capacitance, C,. As soon as the
CSA enters the integration phase from the reset phase, the
charge integrated on C, during the reset is transferred
onto the feedback capacitor, Cr Thus for the circuit
without switch S3 shown in Fig. 2, the total accumulated
charge on the feedback capacitor, C, is higher compared
to the circuit with switch S; shown in Fig. 2 and so is the
transfer gain.

It can also be observed from Fig. 6 that charge sampling
(with switch S3) has zeros in the transfer function at an
integer multiple of 1/At, as the accumulated charge on the
feedback capacitor is zero at these input signal frequencies
(see Fig. 5). On the other hand, charge sampling (without
switch S3) has zeros in the transfer function at an integer
multiple of the sampling frequency. A dip in the transfer
function around DC can be observed in Fig. 6 and it can be
intuitively understood that the input current is blocked by
the capacitor, C,, for DC input, and hence the integrated
charge on the feedback capacitor is almost zero if there is
no leakage. The circuit topology without switch S; in
Fig. 2 has better performance in terms of transfer gain and
attenuates out of band signals much more effectively
compared to the circuit with switch S; shown in Fig. 2.
Because of the benefits associated with the circuit without
switch S; in Fig. 2, it has been chosen to be implemented
in 90 nm CMOS technology as an analog front-end for
CMUTs.

Fig. 7 A simple Charge Sampling Amplifier (CSA) based on a
single-ended amplifier and based on an OTA (dotted lines)

2.2.4 Proposed self-biased CSA

Figure 7 shows the self-biased CSA based on a single-
ended amplifier topology. If the single-ended amplifier
block is replaced with an OTA then it becomes regular
CSA which is based on an OTA. There are some advan-
tages to using this single-ended topology over the regular
topology as explained below.

From Fig. 7, it can be observed that the regular CSA
based on an OTA requires an additional biasing voltage at
the positive input of the OTA; on the other hand the pro-
posed single-ended (self-biased) CSA input will be biased
to the output DC voltage during reset mode, hence the
name self-biased CSA. But this imposes a requirement to
match the DC levels at the input and the output of the
amplifier block used in the single-ended amplifier.

3 Design of the single-ended transimpedance
amplifier and self-biased CSA in 90 nm CMOS

For the intended application [12], the front-end amplifier is
required to have a transfer gain of 20 dB (here from the
CMUT signal source to the output of a single-ended tran-
simpedance amplifier or output of a self-biased CSA) as the
signals generated from CMUTs have an amplitude of
20 mV. To achieve this transfer gain, the amplifier block
should have high gain (45 dB and above) and high unity
gain frequency (around 1 GHz) at 100 fF load capacitance,
which is assumed to be the input capacitance of the fol-
lowing stage.

For the single-ended transimpedance amplifier topology,
there is a design requirement to match the DC levels at the
input and output of the amplifier. The proposed self-biased
CSA shown in Fig. 7 is designed to operate at 125 MHz
clock frequency and is required to have a slew rate of
333.3 V/ps if the reset phase is 1.5 ns and the CSA output
peak-to-peak amplitude is 500 mV. As the output DC
voltage will be dynamically biased at the input during

@ Springer



78

Analog Integr Circ Sig Process (2011) 67:73-83

every reset phase of the CSA, there is also a design
requirement to match the DC levels at the input and the
output of the amplifier block used in the proposed self-
biased CSA.

To meet the above design specifications for the amplifier
block, a folded cascode topology based on an inverter
shown in Fig. 8 is chosen [30, 34].

The inverter-based folded cascode amplifier [30, 34] is a
slightly modified version of a conventional folded cascode
amplifier. As shown in Fig. 8, the transistor Msb will not
be there in an ordinary folded cascode amplifier, and thus
transistor M10 would sink the biasing current for the input
transistor Mi. Hence M10 would be a large device com-
pared to M6-M9, depending on the biasing current of Mi.
With the introduction of Msb in the proposed amplifier,
MI10 is designed as a nominal device with the same
dimensions as M6-M9. Now the additional NMOS tran-
sistor Msb connected to Mi forms a CMOS inverter
amplifier. Hence, as opposed to a common-source amplifier
feeding a common-gate amplifier for a conventional folded
cascode circuit [34], the proposed amplifier is actually a
CMOS inverter feeding a common-gate amplifier [30]. It is
easy to match the DC levels at the input and the output of
this amplifier topology [30, 34] and it is essential for both
of the proposed ultrasound analog front-ends.

AVop  AVop
il e
M5
VDD M4' — —
I ~ ™
M3 Ml
[T [m2

IBIAS IBIAS

i

Ipias  Ipias

M7
|

L
N
1

Fig. 8 Schematic of an inverter-based folded cascode amplifier
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The inverter-based folded cascode amplifier has some
advantages as explained below in detail.

1. Areaadvantage. For the folded cascode amplifiers, M10
turned out to be a very wide device (around five times the
width of M6-M9). On the other hand, in the proposed
amplifier, Msb is a very small device and M10 is a
nominal device with the same dimensions as M6-M9.

2. Power consumption advantage. Since M10 is a very
wide device in a folded cascode configuration, a larger
amount of current would be needed through the
cascode transistors to keep its drain voltage high
enough to keep it in the active region.

3. Gain advantage. Using the inverter-based circuit with a
similar input bias current resulted in a slightly higher
gain (1-2 dB).

4. Ease in adjusting the Unity Gain Frequency (UGF) of
the amplifier. It is easy to adjust the input transcon-
ductance (gmi + gmsb) without affecting the output
resistance, and hence small adjustments in gain as well
as in UGF could be made without affecting the
amplifier bandwidth.

However, there are also some trade-offs in the proposed
scheme as explained below.

1. Spread in input bias current. As the output DC voltage
is biased at the input node, fluctuations in the output
DC voltage cause a spread in the input bias current.

2. Lower Power Supply Rejection (PSR).

As 52 CMUT elements were connected in parallel, both
the single-ended amplifier and the self-biased CSA have
been designed accordingly, and hence the inverter-based
amplifier block was also designed accordingly. It achieves
an open-loop dc gain of 45 dB, a unity gain frequency of
1.5 GHz, and a phase margin of 66 degrees at a power
consumption of only 433.5 pW under a slow-slow process
corner defined in 90 nm CMOS technology. The chip
layout and micro-photograph are shown in Fig. 9.

Switches (S; and S, as shown in Fig. 7) were designed
as transmission gates as not only do they minimize any
charge injection but also the use of transmission gates
makes the switches have almost constant on-resistance
throughout the operating voltage range (0.25-0.75 V). No
charge injection at the output of the CSA was observed
either in simulations or in measurements.

4 Measurement results and discussion

4.1 Single-ended transimpedance amplifier

In this section, we present the simulation and measurement
results of the single-ended transimpedance amplifier. It is



Analog Integr Circ Sig Process (2011) 67:73-83

79

Fig. 9 Chip details: A chip
layout, B chip micro-
photograph, C feedback switch
(S,) for CSA, D clock generator,
E input switch for CSA (S)),

F inverter-based folded cascode
amplifier, and G single-ended
transimpedance amplifier.

Chip dimensions are

1230.56 pm x 1377.84 pm

characterized with a source resistance of 3.3 kQ, which is
nearly the same as the source resistance of 52 CMUT
elements connected in parallel (~ 3 kQ for set #2 CMUTs
in Table 1). An input coupling capacitance of 1 nF is used.
Amplifier will be connected to CMUTS as soon as they are
ready. To account for the parasitics on printed circuit board
(PCB), 1 pF capacitance was used at the both ends of the
1 nF coupling capacitor and 2 pF capacitance was used at
the both ends of the feedback resistor in simulations.
Figure 10 shows the gain versus input signal frequency
from the signal source to the output of the transimpedance
amplifier. It can be observed from this plot that it achieves
a measured voltage gain of 19 dB at the centre-frequency
of 30 MHz, which is a little higher than the simulated gain
of 17.04 dB due to the parasitics that showed up from the
off chip feedback resistor, parasitics that aroused from
layout. Differences between the measurements and simu-
lations are due to the various parasitics from PCB as well
as parasitics from layout at different nodes in the circuit.
It was also observed from the measurements that
it shows an output noise power spectral density of

40 T
——— Simulation
— — —Measured
30 4 ]
o
S 201 7
£
®©
O]
10 4 ]
0
10’ 10°

Frequency [Hz]
Fig. 10 Gain versus input signal frequency

0.042 (uWV)/SQRT(Hz) at a centre-frequency of 30 MHz.
Differences between simulation and measurement results
are quite intuitive and understandable due to the parasitic
capacitances that arise from the layout, and parasitic
capacitances that arise from the off chip feedback resistor.
Table 2 presents a summary of the main performance
parameters for both simulations and measurements.
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From the distortion measurements, it shows a total
harmonic distortion of —23 dB at 450 mV p—p output
voltage and 30 MHz input signal frequency, which is a
little more when compared to the simulated one because of
the difference in output DC voltage between the simulation
and measurements. The area measured only about
32 um x 32 pm per amplifier. There is a considerable area
and power reduction compared to the design presented in
[18] for similar applications.

4.2 Self-biased CSA

In this section, the measured results of the self-biased CSA
are discussed. It is characterized with a signal source
resistance of 2.7 kQ, which is nearly same as the source
resistance of 52 CMUT elements connected in parallel
(~3 kQ for set #2 CMUTs in Table 1), and an input
coupling capacitance of 10 nF (to isolate the DC bias
conditions from the amplifier side) is connected in series
with source resistance as the CMUTs are not yet ready to
be interfaced. Both of the components are placed on PCB.
A parasitic capacitance value of 1 pF is used in simulations
at both ends of the coupling capacitor to account for the
parasitics that arises from the coupling capacitor. A feed-
back capacitance of 156 fF is used in the designed CSA for
52 CMUT elements.

Transfer gain is measured at 50 MHz clock frequency
with the signal source discussed above. Figure 11 shows
the transfer gain for both the measured and simulated cases
from Va (from the bottom of the source resistance) to V;
of the CSA versus input signal frequency at a sampling
frequency of 50 MHz.

It can be observed from this figure that the measured
transfer gain is in close agreement with the simulated one.
The slight difference between the measured transfer gain
and the simulated one can be understood due to various
parasitic capacitances that were not accounted for in sim-
ulations, for example layout parasitics and parasitics on the
PCB at various nodes. It can also be observed from this
figure that the transfer function has zeros at the sampling
frequency and at an integer multiple of the sampling fre-
quency in both simulated and measured cases. This is

Table 2 Summary of the performance parameters

30 T T

o R Ry )

20 +

f, =50 MHz
----- Measured
—— Simulated
10 A Cp=Cp,=1pF
(at both ends of the input coupling capacitor)

Transfer gain [dB]
o

107 10°
Frequency [Hz]

Fig. 11 Transfer gain of the self-biased CSA at 50 MHz sampling
frequency

expected and quite intuitive, because as discussed in the
previous sections the accumulated charge across the feed-
back capacitor, Cy, is zero when the input signal frequency
is equal to the sampling frequency or an integer multiple of
the sampling frequency.

Figure 12 shows the measured and simulated transfer
gain from Va (bottom of the source resistance) to Vout at a
sampling clock frequency of 100 MHz with the same sig-
nal source (2.7 kQ source resistance and 10 nF coupling
capacitor) as discussed previously.

From Fig. 12 it can be noted that the proposed self-
biased CSA achieves a transfer gain of 17.4 dB at the input
signal frequency of 30 MHz. It consumes 586 LA per
amplifier from a 1 V power supply. The measured noise
performance is shown in Fig. 13. Noise is measured at the
output node of the CSA by grounding the input source. As
can be observed from this figure, there is a total noise
(which includes not only the hold phase but also the reset
and integration phases) of —47.5 dBm in the bandwidth of
15-45 MHz at a sampling frequency of 100 MHz. This
noise includes the noise from the amplifier block, switches,
and input source resistance. This total noise is equivalent to
an SNR ratio of 45.7 dB at a peak-to-peak output signal
amplitude of 500 mV.

The performance of the self-biased CSA is compared
with recently reported similar sampling architectures [23,
28, 29] and the results are summarized in Table 3. The

Parameter Simulated Measured Units

Gain at 30 MHz input signal frequency 17.04 18.90 dB

Output noise PSD at 30 MHz 0.00386 0.00177 (],J.V)Z/HZ

Noise power in the pass—band (15 MHz—45 MHz) 0.1941 0.0665 (mV)?

THD at full scale output (450 mV p—p) at 30 MHz —-26.99 —23.16 dB

Current consumption from a 1 V power supply 598 LA per amplifier
Area 32.4 uym x 32.4 pm Per amplifier

@ Springer
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Fig. 13 Measured noise at the output of the self-biased CSA at
100 MHz sampling frequency

proposed CSA designed in state-of-the-art 90 nm CMOS
technology has an area advantage over reported sampling
architectures [23, 28, 29] which were designed in 0.35 and
0.6 pm CMOS technology. It can be noted from this table
that the proposed CSA consumes only 586 pA per ampli-
fier from a 1 V power supply, which is very small com-
pared to the power consumption of the sampling schemes
reported in [23, 28, 29]. The proposed CSA achieves an
SNR of 45.7 dB and is better than the one reported in [29].

5 Conclusion

From the measurement results we conclude that the single-
ended transimpedance amplifier designed in 90 nm CMOS
achieves a voltage gain of 19 dB, an output noise power
spectral density of 0.042 (uV)/SQRT(Hz) at a centre-fre-
quency of 30 MHz, and a total harmonic distortion of
—23 dB at 450 mV p—p output voltage and 30 MHz input
signal frequency. It draws only 598 pA current per
amplifier from a 1 V power supply and occupies only
32 um x 32 ym per amplifier in 90 nm CMOS
technology.

The proposed self-biased sampling scheme does not
require an additional biasing voltage compared to a con-
ventional charge sampling scheme based on an OTA. The
concept of the charge sampling is proved by making
measurements in the time domain and observed zeros in the
transfer function as intuitively expected at the sampling
frequency and at an integer multiple of the sampling fre-
quency. The proposed sampling scheme for ultrasound
front-ends will further enable ADCs to be directly inte-
grated with the ultrasound sensors (CMUTSs) to enhance
the overall performance of ultrasound systems. From the
measured results, the self-biased CSA achieves a transfer
gain of 17.4 dB at an input signal frequency of 30 MHz
and at a sampling clock frequency of 100 MHz. It con-
sumes 586 pA per amplifier from a 1 V power supply. It
achieves an SNR ratio of 45.7 dB at a peak-to-peak output
signal amplitude of 500 mV and a sampling frequency of
100 MHz. It occupies an area of 1470.2 um?* (which is
equivalent to 38 pm x 38 pum), which also includes the
area of the switches for the CSA that will be used for
the single CMUT element in 90 nm CMOS technology. The
clock generator occupies an area of 92.5 um x 49.9 pm
and the switches occupy an area of 16.45 pm x 12.78 pm
each. The switches will become smaller when they are
scaled to be used in a CSA with a single CMUT element.
The performance of the self-biased CSA designed in state-
of-the-art 90 nm CMOS technology is compared with
recently reported similar sampling schemes.

Table 3 Comparison of the proposed CSA with other reported sampling schemes

This work

[23]

(28]

[29]

Sampling scheme employed Charge sampling

Technology 90 nm CMOS
Power supply 1V
Sampling frequency 100 MHz
Input signal frequency 15-45 MHz

SNR 45.7 dB

Power consumption 586 uW per amplifier @ 1 V

Charge sampling
0.35 pm CMOS
33V

1.85 MHz

100 MHz

66 dB (SFDR)
30mW @33V

Voltage domain
0.35 pm CMOS
33V

150 MHz

70 MHz

65 dB (SFDR)
70 mW @ 33V

Current domain
0.6 pm CMOS
1.5V

30 MHz

15 MHz

45 dB

23mW @ 1.5V

@ Springer



82

Analog Integr Circ Sig Process (2011) 67:73-83

Acknowledgements We would like to thank the Norwegian
Research Council for financial help through the project ‘Smart Micro
Systems for Diagnostic Imaging in Medicine’ (159559/130). We
would also like to thank T. Barlindhaug for designing the PCBs used
for prototype testing.

Open Access This article is distributed under the terms of the
Creative Commons Attribution Noncommercial License which per-
mits any noncommercial use, distribution, and reproduction in any
medium, provided the original author(s) and source are credited.

References

1. Hoff, L. (2001). Acoustic characterization of contrast agents for
medical ultrasound imaging. Dordrecht: Kluwer Academic
Publishers.

2. Noble, R. A., et al. (2001). Cost-effective and manufacturable
route to the fabrication of high-density 2D micromachined
ultrasonic transducer arrays and (CMOS) signal conditioning
electronics on the same silicon substrate. In IEEE ultrasonics
symposium, Atlanta, GA, pp. 941-945.

3. Noble, R. A,, et al. (2002). Low-temperature micromachined
CMUTs with fully-integrated analog front-end electronics. In
1EEE ultrasonics symposium, Munich, Germany, pp. 1045-1050.

4. Caronti, A., Caliano, G., Carotenuto, R., Savoia, A., Pappalardo,
M., Cianci, E., et al. (2006). Capacitive micromachined ultrasonic
transducer (CMUT) arrays for medical imaging. Microelectronics
Journal, 37(8), 770-7717.

5. Guldiken, R., Zahorian, J., Gurun, G., Qureshi, M. S., Balantekin,
M., Tekes, et al. (2007). Forward-looking IVUS imaging using a
dual-annular ring CMUT array: Experimental results. In Proceed-
ings of IEEE ultrasonics symposium, New York, pp. 1247-1250.

6. Nikoozadeh, A., Wygant, I. O., Der-Song, L., Oralkan, O., Ergun,
A. S, Stephens, D. N., et al. (2008). Forward-looking intracardiac
ultrasound imaging using a 1-D CMUT array integrated with
custom front-end electronics. IEEE Transactions on Ultrasonics,
Ferroelectrics and Frequency Control, 55, 2651-2660.

7. Wygant, I. O., Zhuang, X., Yeh, D. T., Nikoozadeh, A., Oralkan,
O., Ergun, A. S., et al. (2004). Integrated ultrasonic imaging
systems based on CMUT arrays: Recent progress. In IEEE
ultrasonics symposium, Montréal, Canada, pp. 391-394.

8. Wygant, I. O., Zhuang, X., Yeh, D. T., Vaithilingam, S., Niko-
ozadeh, A., Oralkan, O. et al. (2005). An endoscopic imaging
system based on a two-dimensional CMUT array: Real time
imaging results. In [EEE ultrasonics symposium, Rotterdam,
Netherlands, pp. 792-795.

9. Wygant, I. O., Zhuang, X., Yeh, D. T., Oralkan, O., Ergun, A. S.,
Karaman, M., et al. (2008). Integration of 2D CMUT arrays with
front-end electronics for volumetric ultrasound imaging. I[EEE
Transactions on Ultrasonics, Ferroelectrics and Frequency
Control, 55(2), 327-342.

10. Eccardt, P. C., & Niederer, K. (2000). Micromachined ultrasound
transducers with improved coupling factors from a CMOS com-
patible process. Ultrasonics, 38(1-8), 774-780.

11. Daft, C., Wagner, P., Bymaster, B., Panda, S. A., Patel, K. A., &
Ladabaum, I. A. (2005). CMUTs and electronics for 2D and 3D
imaging: Monolithic integration, in-handle chip sets and system
implications. Proceedings of IEEE Ultrasonic Symposium, 1,
463-474.

12. http://www.iet.ntnu.no/projects/smida/. Accessed 1 March 2010.

13. Annema, A. J., Nauta, B., van Langevelde, R., & Tuinhout, H.
(2005). Analog circuits in ultra-deep-submicron CMOS. IEEE
Journal of Solid-State Circuits, 40(1), 132—-143.

@ Springer

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Taur, Y. (2002). CMOS design near the limit of scaling. /IBM
Journal of Research and Development, 46(2/3), 213-222.

Buss, D. D. (2002). Technology in the internet age. In /EEE
international solid-state circuits conference (ISSCC) digest of
technical papers, San Francisco, CA, pp. 18-21.

Annema, A. J., Nauta, B., Van Langevelde, R., & Tuinhout, H.
(2004). Designing outside rails constraints. In IEEE international
solid-state circuits conference (ISSCC) digest of technical
papers, San Francisco, CA, pp. 134-135.

Nauta, B., & Annema, A. J. (2005) Analog/RF circuit design tech-
niques for nanometerscale IC technologies. In 31st European solid-
state circuits conference, ESSCIRC, Grenoble, France, pp. 12-16.
Fan, J., Talman, J., Fleischman, A., & Garverick, S. L. (2004).
Integrated amplifier with active limiter for intravascular ultra-
sound imaging. In JASTED international conference on circuits,
signals, and systems, Clearwater, FL, pp. 433-438.

Peng, S.-Y., Qureshi, M. S., Hasler, P. E., Basu, A., & Degert-
ekin, F. L. (2008). A charge-based low-power high-SNR capac-
itive sensing interface circuit. IEEE Transactions on Circuits and
Systems-1: Regular Papers, 55(7), 1863-1872.

Xu, G., & Yuan, J. (2001). A low voltage high-speed sampling
technique. In Proceedings international conference on ASIC,
Shanghai, China, pp. 228-231.

Xu, G., & Yuan, J. (2005). Performance analysis of general
charge sampling. IEEE Transactions Circuits and Systems-II:
Express Briefs, 52(2), 107-111.

Karvonen, S., Riley, T. A. D., Kurtti, S., & Kostamovaara, J.
(2006). A quadrature charge-domain sampler with embedded FIR
and IIR filtering functions. IEEE Journal of Solid-State Circuits,
41(2), 507-515.

Karvonen, S., Riley, T. A. D., & Kostamovaara, J. (2005).
A CMOS quadrature charge-domain sampling circuit with 66-dB
SFDR up to 100 MHz. IEEE Transactions on Circuits and Sys-
tems-1: Regular Papers, 52(2), 292-304.

Karvonen, S., Riley, T. A. D., & Kostamovaara, J. (2006).
Charge-domain FIR sampler with programmable filtering coef-
ficients. IEEE Transactions on Circuits and Systems-1I: Express
Briefs, 53(3), 192-196.

Cenkeramaddi, L. R., & Ytterdal, T. (2006). Jitter analysis of
general charge sampling amplifiers. In Proceedings of interna-
tional symposium circuits and systems, Island of Kos, Greece,
pp. 5267-5270.

Cenkeramaddi, L. R., & Ytterdal, T. (2009). Clock jitter impact
on the performance of general charge sampling amplifiers. Ana-
log Integrated Circuits and Signal Processing, doi:10.1007/
$10470-009-9367-x.

Karvonen, S., Riley, T. A. D., & Kostamovaara, J. (2003). On the
effects of timing jitter in charge sampling. In Proceedings
of international symposium circuits and systems, Bangkok,
Thailand, pp. 737-740.

Boni, A., Pierazzi, A., & Morandi, C. (2001). A 10-b 185-MS/s
track-and-hold in 0.35-m CMOS. [EEE Journal of Solid-State
Circuits, 36(2), 195-203.

Sugimoto, Y. (2001). A 1.5-V current-mode CMOS sample-and-
hold IC with 57-dB S/N at 20 MS/s and 54-dB S/N at 30 MS/s.
IEEE Journal of Solid-State Circuits, 36(4), 696-700.
Cenkeramaddi, L. R., Singh, T., & Ytterdal, T. (2007). Self-
biased charge sampling amplifier in 90 nm CMOS for medical
ultrasound imaging. In Proceedings of international conference
GLS-VLSI, Stresa-Lago Maggiore, Italy, pp. 168-171.
Cenkeramaddi, L. R., & Ytterdal, T. (2007). Analysis and design
of 1 V charge sampling readout amplifier in 90 nm CMOS for
medical imaging. In Proceedings of international symposium,
VLSI-DAT, Hsinchu, Taiwan, pp. 1-4.

Ronnekleiv, A., Midtbo, K., & Wang, D. T. (2006). Fabrication
and characterization of CMUTs realized by wafer bonding. In


http://www.iet.ntnu.no/projects/smida/
http://dx.doi.org/10.1007/s10470-009-9367-x
http://dx.doi.org/10.1007/s10470-009-9367-x

Analog Integr Circ Sig Process (2011) 67:73-83

83

Proceedings of IEEE ultrasonics symposium, Vancouver,
Canada, pp. 934-937.

33. Mentor Graphics Corp. Eldo simulator web page. http://www.
mentor.com/products/ic_nanometer_design/custom_design_simu
lation/eldo/index.cfm. Accessed October 2009.

34. Johns, D. A., & Martin, K. (1997). Analog integrated circuit
design. New York: John Wiley & Sons.

Linga Reddy Cenkeramaddi
was born in Gumpula, Nalgonda
district, Andhra Pradesh, India.
He received the M.Sc. degree in
Physics in 2000 from Indian
Institute of Technology (IIT),
Madras, India. He also received
the M.S. degree in Electrical
Engineering from the Depart-
ment of Electrical Engineering,
IIT, Delhi, India in 2004. He
was awarded Junior Research
Fellowship from the Council
of Scientific and Industrial
Research (CSIR), Government
of India during his M.S.. From 2004 February to 2004 August, he
worked as an IC Design Engineer at the Texas Instruments, Banga-
lore, India. Currently, he is working as a PhD student at the
Department of Electronics and Telecommunications, NTNU, Trond-
heim, Norway. His research interests are in novel device concepts for
VLSI, VLSI device modeling, and the design of low power low
voltage deep submicron analog and mixed signal integrated circuits.
He is a student member of IEEE.

Tajeshwar Singh was born in
Batala (India) in 1975. He
received his Bachelor of Tech-
nology Degree (with Honors)
in Instrumentation & Control
Engineering from the Dr. B. R.
Ambedkar Regional Engineer-
ing College, Jalandhar, Punjab
(India) in 1997, Masters in
Sensor Systems Technology
from Karlsruhe University of
Applied Sciences, Karlsruhe
(Germany) in 2002 and his PhD
degree in Electrical Engineering
from Norwegian University of
Science and Technology (NTNU), Trondheim (Norway) in 2009.

From 1997 to 2000, he worked as an engineer (Controls and Instru-
mentation) with the National Thermal Power Corporation Ltd., India.
During 2001 to 2002 he worked as a Master’s thesis student with Sick
AG, Germany. During his doctoral research, he also taught courses on
analog integrated circuits at NTNU. Since 2007, he is in the analog
design group of Atmel Norway AS. His present research interests
include analog circuit design, measurement instrumentation, signal
conditioning and interface circuits. Mr. Singh is the recipient of the
DAAD (Deutscher Akademischer Austausch Dienst) prize for the
year 2002 at Karlsruhe University of Applied Sciences.

Trond Ytterdal received the
M.Sc. and Ph.D. degrees in
Electrical Engineering from the
Norwegian Institute of Tech-
nology, University of Trond-
heim, Trondheim, Norway, in
1990 and 1995, respectively. He
was a Research Associate with
the Department of Electrical
Engineering, University of Vir-
ginia, Charlottesville, from
1995 to 1996, and a Research
Scientist at the Electrical,
Computer, and Systems Engi-
neering Department, Rensselaer
Polytechnic Institute, Troy, NY, from 1996 to 1997. From 1997 to
2000, he worked as a Senior ASIC Designer at Nordic VLSI,
Trondheim. Since 2000, he has been on the Faculty of the Norwegian
University of Science and Technology (NTNU), where he is a Pro-
fessor in the Department of Electronics and Telecommunications. His
present research interests include design of analog and mixed-signal
integrated circuits, modeling of deep submicron MOSFETs, MES-
FETs, HFETs, and novel device structures for application in circuit
simulators. He has published more than 100 scientific papers in
international journals and conference proceedings. He is a co-author
of the books Semiconductor Device Modeling for VLSI (Prentice
Hall, 1993), Introduction to Device Modeling and Circuit Simulation
(Wiley, 1998) and Device Modeling for Analog and RF CMOS
Circuit Design (Wiley, 2003), and has been a contributor to several
other books published internationally. He is also a co-developer of the
circuit simulator AIM-Spice. Prof. Ytterdal is a member of The
Norwegian Academy of Technological Sciences and a Senior Mem-
ber of IEEE.

@ Springer


http://www.mentor.com/products/ic_nanometer_design/custom_design_simulation/eldo/index.cfm
http://www.mentor.com/products/ic_nanometer_design/custom_design_simulation/eldo/index.cfm
http://www.mentor.com/products/ic_nanometer_design/custom_design_simulation/eldo/index.cfm

	Inverter-based 1 V analog front-end amplifiers in 90 nm CMOS for medical ultrasound imaging
	Abstract
	Introduction
	Description of the proposed front-end topologies for CMUTs
	Single-ended transimpedance amplifier
	Self-biased CSA
	CSA as an ultrasound analog front-end for CMUTs
	CMUT
	Transmit mode
	Reception mode

	Analysis of charge sampling amplifier
	Proposed self-biased CSA


	Design of the single-ended transimpedance amplifier and self-biased CSA in 90 nm CMOS
	Measurement results and discussion
	Single-ended transimpedance amplifier
	Self-biased CSA

	Conclusion
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


