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Abstract—This paper presents a sixth order Butterworth 
switched capacitor (SC) low pass filter with radiation-
hardened-by-design (RHBD) for cryogenic applications. 
Implemented in a 0.5μm SiGe BiCMOS technology, this 
cryogenic SC filter is capable of operating over an ultra-
wide temperature (UWT) range from -180ºC to 120ºC and 
under high-energy particle radiation environment on the 
lunar surface. This is the first SC filter, operating over 
300ºC temperature range with RHBD, reported so far. The 
measured results show that the filter approximates a sixth 
order Butterworth filter response in range of -180ºC to 
120ºC. The clock-to-cutoff frequency ratio is 100:1. The 
clock feedthrough is less than 10uVRMS with single 3.3V 
supply. It consumes only 640uA at 200 kHz clock frequency 
current and occupies only 0.4x1.4 mm2.12 
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1. INTRODUCTION 
With the development of aerospace exploration, 

considerations of extreme environments have been included 
more comprehensively into most IC designs related to 
aerospace engineering. The extreme environments, such as 
temperature, radiation, pressure, vibration, etc, will easily 
preclude the use of conventional terrestrial IC designs for 
operation, actuation and movement under ambient 
conditions. Although the Moon (NASA’s next mandated 
exploration venue) is relatively close to the earth and the 
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radiation level there is not too high, the extreme temperature 
conditions (+120ºC  at lunar day and -180ºC at lunar night) 
on the lunar surface can still invalidate conventional 
electronic components and systems for control, sensing, and 
communication. This is problematic, since the development 
of modular, expandable, and reconfigurable human and 
robotics systems for lunar missions clearly requires 
electronic components and integrated packaged electronics 
modules which can operate robustly without external 
thermal control. Designing robust electronic systems for 
over 300ºC (cyclic) temperature variations has never been 
attempted, until now. 

Used on the NASA Lunar-Mars series of missions, the 
remote electronic unit sensors interface (RSI) ASIC is being 
developed. The RSI ASIC is the mixed signal ASIC that 
interfaces to sensor of three categories and translates the 
analog sensor data to digital form for back end processing. 
The RSI ASIC includes 16 channels, partitioned as follows: 
12 slow speed “Universal” channels, 2 high speed channels, 
and 2 charge amplifier channels. The extreme space 
environment of those projects gives tough challenges to the 
circuit design technologies. The chosen SiGe BiCMOS 
technology for this design inherently provides both novel 
bipolar devices (SiGe HBTs) and Si CMOS. Unlike 
conventional Si transistors, SiGe HBTs are very well suited 
for operation in the lunar environment [1]. The addition of 
Ge allows tailoring of the device bandgap which can be 
used to optimize device behavior as a function of 
temperature. SiGe BiCMOS offers unparalleled low 
temperature performance, wide temperature capability, and 
optimal mixed-signal design flexibility at the monolithic 
level by offering power efficient, high speed SiGe HBTs 
and high density Si CMOS [1][2]. 

The sixth order Butterworth low pass switched 
capacitor filter proposed in this paper is a key part of the 
RSI ASIC. It is located before analog to digital converter to 
help system get accurate information from the sensor. The 
switched-capacitor (SC) technique is a widespread analog 
approach for the implementation of high-accuracy filtering 
functions in commercial integrated circuits (ICs). A very 
popular method for designing high-order or/and high-
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selectivity (high-Q) SC filters consists in transforming the 
desired transfer function into the cascade of first- and 
second-order structures. This approach reduces the 
frequency response sensitivity of the filter to the 
quantization of its coefficients and provides good phase 
response robustness. However, each low-order section is 
specifically designed for realizing the necessary transfer 
function. Moreover, both extreme temperature and radiation 
environments were considered in filter design. Some 
topologies were utilized in our design to make the 
Butterworth filter work well under extreme environments. 
For example, the bandgap and opamp in our filter utilized 
temperature compensating architecture to achieve ultra-wide 
temperature (UWT) operation range. And also, an UWT 
band gap reference with a constant current output is used. 
The post simulation result shows that the temperature 
coefficient is less than 40ppm from -180ºC to 120ºC with 
full swing output. 

 
The measured results show that the filter approximates 

a 6th order Butterworth filter response in range of -180ºC to 

120ºC. The clock-to-cutoff frequency ratio is 100:1. The 
clock feedthrough is less than 10uVRMS with single 3.3V 
supply. It consumes only 640uA current at clock frequency 
of 200 kHz and occupies only 0.4x1.4 mm2. 

The paper is organized as follow. In Section 2, 
building blocks used in filter are comprehensively 
discussed. The discussion includes blocks’ architecture, 
performance and temperature compensation for cryogenic 
conditions. The whole SC filter design is introduced in 
Section 3. In Section 4, radiation hardened by design is 
discussed. Finally, the experimental performances of the SC 
filter are reported in Section 5. Section 6 will present the 
final conclusions. 

2. BUILDING BLOCKS 

2.1 SC INTEGRATOR  
Fig.1 shows the two SC integrators used in our design. 

Referring to the schematics, assuming input signal is zero 
(virtual ground) after reaching the steady-state condition, 
the output voltage will be set to the virtual ground (Vref), 
which make these integrator can be directly cascaded. This 
is due to the inherent feedback provided by the whole filter 
in which the integrator is used. When switches are in CLK1 
phase, charge on 1C  equals to 1 inQ C VΔ = . As the opamp 

input is an open circuit, the current to charge 1C  has to 
flow to the right through C2 where it changes the charge on 

2C  by subtracting QΔ  from its charge 2 outC V . When the 

switches are in CLK2 phase, 2C  discharges completely and 

1C  retains its charge until next phase CLK1. Then the 

transfer function of Fig.1 (a) can be derived, which is an 
inverting integrator: 

1

2

out c

in

V f C
V j Cω

= −                                      (1) 

where cf  is the clock frequency,  
As same as Fig.1 (a), transfer function of Fig.1(b) 

shows a noninverting integrator : 
1

2

out c

in

V f C
V j Cω

=                                          (2) 

 

(a) 

 

(b) 

Fig.1 SC integrators: (a) inverting SC integrator; 
(b)noninverting SC integrator. 

CLK CLK

Fig.2  (a) Clock feedtrough in a samping circuit. 
(b)Addition of dummy device to reduce clock 

feedthrough. 

In our design, NMOS transistors were chosen to realize 
the filter switches. A MOS switch will couple the clock 
transitions to the sampling capacitor through its gate-drain 
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or gate-source overlap capacitance, as shown in Fig.2 (a). 
“Dummy” switch, driven by opposite clock of M1, can be 
used to remove the clock feedthrough as shown in Fig.2 (b), 
After M1 turns off and “dummy” transistor turns on, the 
channel charge deposited by the former on Csh is absorbed 
by the latter to create a channel. 

2.2 Operational Amplifier (Opamp) 

 Fig.3 Schematic of the operational amplifier 

For extreme application, it is quite important that the 
amplifiers are stable and keep same performance in a very 
wide temperature range. This is particularly true in 
amplifiers of SC filters, which are repeated a large number 
of times in the chip. Fig.3 shows the schematic of the 
opamp used in our design. It made up of two stages: an n-
channel input pair followed by a common source amplifier 
with “nulling resistor” compensation, which makes the filter 
stable over wide temperature range. 

A common problem in MOS amplifier, which is 
compensated in the pole-splitting manner, is the presence of 
a low-frequency right half-plane zero. There are two 
traditional methods to eliminate the effect of this zero. One 
approach is to drive the compensation capacitor with a 
voltage follower, which tends to replace the single right 
half-plane zero with a left half-plane doublet [4], while 
another is to move the position of the zero by the inclusion 
of a resistor in series with the compensation capacitor [5]. 
Since there is no temperature consideration in both of 
methods above, the systems with above compensation 
methods are not stable at extreme low temperature. The 
amplifier in our design utilized the UWT compensation 
method, which uses transistor M8 as a resistor, as shown in 
Fig.3. [6] The total gain is shown as follow: 

( ) ( )
2 6

5 2 4 6 6 7

2 m m
v

g gA
I Iλ λ λ λ

=
+ +

                    (3) 

With the addition of the transistor in the compensation, the 
resulting poles and zeros are: 

2 1
1

m m

v c v c

g gP
A C A C

= − = −                                      (4) 

6
2

m

L

gP
C

= −                                                           (5) 

3
1

z I

P
R C

= −                                                          (6) 

1
6

1

z c c m

Z
R C C g

−=
−

                                         (7) 

where IC  represents the total capacitance between gate and 

source while LC represents the load capacitance. The 

resistor zR  is realized by the transistor M8, which is 
operating in the active region because the dc current 
through it is zero. By choose the proper transistor M8’s size 
and bias conditions, the zero can be easily placed on top of 
the highest nondominant pole (P2). Then the right half-
plane zero is moved to the left half-plane and compensation 
is achieved. Using a simple MOS model, it is easy to get the 
size of compensation transistor M8: 

6

8 10 6 10

c

c L

C IW W W
L C C L L I

⎛ ⎞⎛ ⎞ ⎛ ⎞ ⎛ ⎞= × ×⎜ ⎟⎜ ⎟ ⎜ ⎟ ⎜ ⎟+⎝ ⎠ ⎝ ⎠ ⎝ ⎠⎝ ⎠
           (8) 

Note that (8) is totally independent of process, temperature, 
and supply variations, and is only a function of relative 
device sizes, which can be well-matched and easily 
specified. The use of this technique allows the amplifier to 
be stable and keep same performance for cryogenic 
applications from  -180ºC to 120ºC. 

2.3 UWT Bandgap reference 

Key to the success of developing an extreme 
temperature range electronic is to realize a robust and 
precise current reference. For SC filter, the opamp’s 
performances are sensitive to the accuracy and stability of 
the on-chip current reference. Therefore, it’s rather critical 
to build a stable and temperature-independent bandgap 
reference 

 
Fig.4. Schematic of UWT bandgap reference 
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capable of operating over the UWT range from -180°C to 
+120°C. The bandgap reference circuit for UWT 
application is shwon in Fig. 4. Reference [7] shows the 
advantage of using SiGe technology in extreme 
environment. So our design utilizes the SiGe transistors to 
generate the temperature independent current sources. To 
make transistors act more meaningful, the calibrated VBIC 
models within the design kit were modified and fit to low 
temperature transistor data. As shown in Fig.4, the bandgap 
consists of three stages: (1) PTAT stage: transistors M1-M6 
and Q1-Q2, along with the resistor R1, generate the 
proportional to the absolute temperature (PTAT) bias 
current. (2) Compensating stage: transistors M7-M11 and 
Q3, along with the resistor R3, generate compensating 
current with a negative temperature coefficient (TC). (3) 
Summing stage: transistors M12-M17 combine the current 
from current from PTAT stage and compensating stage to 
generate a stable current in a wideband temperature range. 

In PTAT stage, the voltage adding on resistor R1 is 
the difference between the base-emitter voltages of 
transistors Q1 and Q2. It generates a PTAT current, which 
has a positive temperature coefficient. The current through 
R1 and its TC can be expressed as follow [7] [8]: 

, 1 , 1 2
1

1

ln
1 1

BE Q BE Q S
R

S

V V IkTI
R qR I
− ⎛ ⎞

= = ⎜ ⎟
⎝ ⎠

                     (9) 

1
1 1 1 1

1
OUT

OUT

I RTC
I T T R T

∂ ∂= = −
∂ ∂

                          (10) 

where T is the absolute temperature, 1SI  and 2SI  are 
saturation current of Q1 and Q2. A large value was chosen 
for R1 to make TC of PTAT current positive. 
 

At meanwhile, the output current in the compensating 
stage is determined by R2 and the voltage , 3BE QV . The TC 

of current created by the compensating stage is: 

, 3
2

, 3

1 1 2
2

BE Q

BE Q

V RTC
V T R T

∂ ∂= −
∂ ∂

                           (11) 

Since both terms in (11) are negative, the TC of the second 
stage’s current is negative, which can be used to 
compensate the positive temperature coefficient of PTAT 
current. PTAT current and compensating current are 
summed in the last stage, then UWT current source is 
achieved. And careful layout techniques were employed to 
reduce mismatch effects. The simulation result shows that 
the temperature coefficient of the current source is less than 
80 ppm/ºC from -180ºC to 120ºC. 
  
2.4 Clock Generator 

The clock phase is an important issue in the switched 
capacitor filter design. The traditional two clock phases are 
used as the nonoverlapped clock phases for the SC filter. [9] 

Consequently, the two phases are generated starting from a 
master clock signal. Considering the “dummy” switches 
used to cancel the clock feedthough, complementary clocks 
of above nonoverlapped clock are needed. The schematic of 
clock generator and nonoverlapped phases are shown in 
Fig.5. As shown, CLK1 and CLK2 are the nonoverlapped 
clock signal and CLK1P and CLK2P are complementary 
clocks. In our design, the nonoverlap is created by the delay 
through the inverter delay chain. Although the inverter 
delay would decrease as temperature drop, sufficient 
inverter delay inserted in the circuit can make sure two 
phases are nonoverlapped even at extreme low temperature 
-180ºC. 

 

Fig.5 Schematic of clock generator and the 
nonoverlapped phases for switched capacitor filter. 

3. SC FILTER DESIGN  
The SC filter is used in both charge amplifier channel 

and high speed channel to filter out unwanted signals. The 
proposed filter design needs to meet some tough 
requirements given by RSI system, especially in extreme 
cryogenic condition. The requirements for the filter are: (1) 
stable sixth order Butterworth response with tunable cutoff 
frequency, which is proportional to the control clock; (2) 
low power consumption to reduce the system’s power cost; 
(3) UWT operation range; (4) small clock feedthough; (5) 
radiation hardened by design.  

By using the building blocks proposed above, a sixth-
order Butterworth SC low pass filter was designed as shown 
in Fig.6. With proper architectures and suitable topologies 
utilized in the design, the SC filter meets all requirements: 
(1) The Butterworth SC filter architecture was chosen, and 
then the first requirement is met by the nature of SC filter. 
The clock to cutoff frequency ratio was design at 100:1. (2) 
To save power, the power killing block-opamp was 
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designed as simple as possible and minimum amount of 
opamps were used. Each opamp only draws 50uA current, 
and the total SC filter only consumes 640uA current at 200 
kHz-clock frequency. (3) Each block in the SC filter was 
designed with temperature compensation, which make the 
SC filter can work over the UWT range. (4) “Dummy” 
transistors were adding at sampling capacitor to reduce the 
clock feedthrough, and also a post active filter with two 
fixed high frequency poles was placed after the SC filter 
core to remove the clock feedthrough. The block diagram of 
proposed SC filter was shown in Fig.6. (5) Some special 
RHBD layout rules are applied in this design to improve the 
robustness in the radiation environment, which will be 
discussed in section 4. 

Fig. 7 shows the simplified core cell of sixth order 
Butterworh SC filter. As shown, the SC filter is realized by 
cascading three biquads, each of them is a second order 
filters. While implementing the circuit, the switches are 
replaced by NMOS switches. Some of them perform the 
same function and can be shared to get a simpler circuitry. 
Considering the parasitic influence, 500fF capacitor was 
chosen as minimum switch capacitor. 

 

Fig.6 Block diagram of proposed SC filter  

4. RADIATION HARDENED BY DESIGN  
Due to the lack of atmosphere on the moon, the 

semiconductor devices working on the lunar surface need to  

sustain high-energy radiation as well as extreme 
temperature environments. High-energy radiation will 
dramatically impair the performance of devices and even 
cause destruction of the devices. [10] To improve the 
robustness in the radiation environment: the minimal 
transistor width is chosen as 1μm other than the default 
0.5μm. And to prevent the single event latch-up caused by 
the positive feedback formed in the parasitic transistors, 
some special RHBD layout rules are applied in this design 
to reduce the well/substrate parasitic resistance and reduce 
the gain product of the parasitic NPN/PNP pairs. The 
RHBD rules include: active N+ (P+) guard rings are added 
around PMOS (NMOS); n-well and p-sub contacts are 
generously and frequently used; deep trench rings are added 
for isolation between PMOSs and NMOSs; keep n-well and 
n+ source/drain father apart if possible. [11] 

An example cell of RHBD layout in this design is 
shown in Fig. 4. As shown Fig. 4, by using those RHBD 
layout rules, the die size of this design is enlarged by 
several times compared with the normal layout without 
RHBD consideration. This design still results relatively 
small area compared with similar works by choosing the 
suitable circuit architecture and good layout floor plan. 

 
(a) 

Fig. 8 NAND gate by RHBD layout rules.

 
Fig.7  Proposed sixth order Butterworth switched capacitor low pass filter
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5. EXPERIMENTAL RESULT 
The proposed cryogenic SC filter has been 

implemented in a 0.5μ m SiGe BiCMOS technology. The 
micrograph photo of the filter chip is shown in Fig.9 and 
Fig.10 respectively. The whole filter occupies an area of 
0.08 mm2 with a unit capacitor of 0.5 pF. Except of RHBD 
layout rules, some special layout techniques were also 
applied. To reduce the radiation effect, dummy transistors 
and duplicate cells are required to provide radiation 
protection for crucial circuit blocks. With the large W/L 
transistors and the protection cells, the area for crucial 
circuit blocks is enlarged so that the capability of resisting 
the radiation effects is improved. For increased 
transconductance and freeze-out effect at very low 
temperatures, the interconnection metals with larger width 
was used to provide margin for larger current conduction 
such that a sudden current increase will not damage the 
interconnection wires and invalidate the filter operation. 

 

Fig.9 Die photo of the SC filter 

To test the cryogenic filter, an airproof chamber with 
electrical heating and liquid Nitrogen cooling is used. The 
temperature inside the chamber can be controlled from         
  -180ºC to 120ºC. The inputs and outputs of the filter 
placed in the chamber are connected to the equipments 
outside of chamber with SMA cables.  

The measured transient responses for the output of the 
SC filter with a 500Hz 0.4-Vpp in-band input and 2 kHz 
clock frequency at room temperature, 120°C and -180°C 
are shown in Fig.10 respectively. From the above 
waveforms, it is evident that the proposed SC filter keeps 
the same performance over UWT range. It can be observed 
that the only difference as temperature changed is slight DC 
variation of output signal. That is due to the nature of post 
active filter and small variation of bandgap reference. This 
DC variation can be easily calibrated by the DC offset 
calibration circuit in each channel, together with DC offset 
of the whole channel as temperature changed. 

Measured results show that the filter achieves a stable 
sixth-order Butterworth low pass response, which keeps the 
same from -180°C to 120°C, as shown in Fig.11. As 
mentioned above, the ratio of cut-off frequency to clock 

frequency is 1:100. A measured example was shown in 
Fig.11, the cut-off frequency is 2 kHz, which is one 
hundredth of control clock frequency 200 kHz.  

 
(a) 

 
(b) 

 
(c) 

Fig.10 (a) Output transient response with a 500Hz 0.4-
VPP input signal and 200 kHz clock frequency at room 
temperature. (b) Output transient response with a 
500Hz 0.4-VPP input signal and 200 kHz clock 
frequency at 120°C. (c) Output transient response with 
a 500Hz 0.4-VPP input signal and 200 kHz clock 
frequency at -180°C. 
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Fig.11 Frequency response of proposed SC filter, which 
keeps the same from -180°C to 120°C. 

A summary of the measured performance of the 
proposed SC filter is shown in Table 1. The maximum 
clock frequency is 12 MHz which means the maximum cut-
off frequency of the SC filter is 120 kHz. Measured third-
harmonic distortion (THD) is also given in Table 1. The 
input signal frequency is set at 500 Hz when cutoff 
frequency is at 2 kHz. The THD of proposed filter is -54dB 
when input amplitude is 0.4-VPP. The clock feedthrough of 
proposed SC filter is only 10μVPP, which is simulation 
result. That’s because the clock feedthrough is too small to 
be observed in real measurement, which can confirmed the 
simulation result on the other hand. 

Table. 1. Summary of Measured SC filter Performance 

Parameter Performance 

Technology 0.5μm SiGe BiCMOS 

Temperature Range -180°C ~ 120°C 

Cutoff Frequency Fcutoff/Fclk=1/100  

Maximum Clock 12 MHz 

THD -54 dB @ 400 mVPP 

Power Supply 3.3 V 

Power Dissipation 640uA @ 200 kHz clock frequency 

Clock Feedthrough 10 μVPP
* 

Die Size 0.4×1.4 mm2 

* 10 μVPP is simulated resulted. In real measurement, the clock 
feedthrough can not be observed, which confirmed simulation result.  

 

6. CONCLUSION 
In this paper, a sixth order Butterworth SC low pass 

filter for aerospace extreme environment applications was 
implemented in 0.5μm SiGe BiCMOS technology. The 
measurement results showed that the proposed SC filter is 
capable of operating over the ultra-wide temperature range 
from the -180°C to +120°C. Meanwhile, for the aerospace 
radiation environment, the SC filter was designed with 
good radiation-tolerance and robustness. In order to achieve 
temperature-independence, each block in SC filter was 
designed with the UWT operation range. Design 
considerations for both extreme temperature and aerospace 
radiation environments have also been discussed. The chip 
die area is 0.56 mm2 and the total current is only 640 μA at 
clock frequency of 200 kHz with a 3.3 V power supply. 
Although no radiation performance was discussed in the 
paper, radiation test with high energy proton dose to mimic 
the radiation environments is in progress. 
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