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Abstract: The performance of a particle detection system is primarily determined by its first stage， which mainly 
includes a particle radiation detector and a charge-sensitive preamplifier （CSA）. The connection between the detector 
and the front-end readout circuit is typically AC-coupled， which usually has a coupling capacitor in the range of 0.01—
0.1 μF to isolate the input of the CSA from the detector. The application-specific integrated circuit （ASIC） readout 
electronics for nuclear applications 3（RENA-3） is a multi-channel mixed-signal integrated circuit （IC） offering high 
energy resolution and high time resolution， developed for the readout of particle radiation detectors. RENA-3 is 
employed as the front-end readout circuit for an interplanetary energetic particle telescope designed to detect 20 ─
1 000 keV electrons， 25─12 000 keV protons， and ions like alpha particles. However， the maximum input charge of 
RENA-3 is 54 fC， which limits its maximum detection range to about 1 200 keV and is insufficient for the proton 
channels. While other ASICs could be adopted， available alternatives do not simultaneously meet the requirements for 
both high precision and wide measurement range. This paper proposes the use of a small coupling capacitance to 
extend the range for proton detection by attenuating the charge signal before it reaches the CSA input. The coupling 
capacitance is on the order of picofarads， much smaller than the detector junction capacitance. In this configuration， 
stray capacitance and coupling capacitance become significant. A circuit theoretical model is proposed to calculate the 
transfer function from input charge to output voltage， analyzing the influence of coupling capacitance and stray 
capacitance on the particle radiation detection system. Experiments using discrete components with known parameters 
are conducted to validate the theoretical model. Finally， the model is applied to the RENA-3 system for optimization 
to meet the instrument’s specifications， and certain RENA-3 parameters are derived.
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0 Introduction 

The performance of a particle detection system 
is primarily determined by its first stage， which 
mainly includes a detector and a charge-sensitive 
preamplifier （CSA）［1-2］. To improve system perfor‑
mance， it is crucial to maximize the output signal 

amplitude and minimize noise at the first stage［3-4］. 
In addition to the quality of the detector and CSA， 
the system performance is also affected by their in‑
terconnection［5-7］. The coupling between the detec‑
tor and CSA is always AC-coupled， which usually 
has a coupling capacitor of 0.01 ─ 0.1 μF to isolate 
the input of the CSA from the detector［8-9］. Stray ca‑
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pacitance between the detector and CSA is also in‑
evitable. Both coupling and stray capacitances can af‑
fect the detection performance. In conventional AC-

coupled circuits， the coupling capacitance is usually 
much larger than the detector junction capacitance 
and stray capacitance （The latter is typically on the 
order of picofarads）. Therefore， the detector junc‑
tion capacitance and stray capacitance are often ne‑
glected.

The deep space exploration in China is still in its 
infancy. In order to achieve specific scientific goals， 
we need to develop instruments with higher precision 
and better performance［10］. The interplanetary ul‑
tralow-noise three-dimensional energetic particle 
spectrometer （IEPS） is designed to detect 20 ─
1 000 keV electrons， 25─ 12 000 keV protons， and 
ions like alpha particles， with the detector capaci‑
tance ranging from tens to hundreds of picofarads. 
The IEPS is a double-ended particle spectrometer 
with a four-layer semiconductor detector： One end is 
designed for electron detection and the other for pro‑
tons and heavy ions［11］. To achieve low-noise， high-

precision detection， the readout electronics for nucle‑
ar applications 3 （RENA-3）［12］ is selected as the 
ASIC. RENA-3 is a multi-channel， high-energy-res‑
olution， high-time-resolution mixed-signal integrat‑
ed circuit （IC） developed for the particle radiation de‑
tector readout. It has been successfully used as an in‑
tegrated preamplifier ASIC in numerous particle 
spectrometers［13-16］. However， the maximum input 
charge of RENA-3 is 54 fC， with a linear range ex‑
perimentally around 100 fC， limiting its detectable 
energy to about 1 200 keV （2 200 keV in experi‑
ments）. While it meets the energy range requirement 
for electron channels with high resolution， it is insuf‑
ficient for proton and heavy ion channels. Simula‑
tions indicate that the energy range of RENA-3 
needs to be extended by at least a factor of four for 
the first layer detector to enable alpha particle detec‑
tion. Alternatively， other ASICs could be adopted. 
However， high-precision electron detection is criti‑
cal for our project， and available ASICs do not simul‑
taneously satisfy both high precision and wide mea‑
surement range requirements. For instance， the low‑
est noise levels of VATA462 （325 e⁻， where e⁻ is 

one electron） and IDE3466 （<0.13 fC ≈ 800 e⁻） 
are higher than that of RENA-3 （<280 e⁻）. Reduc‑
ing the coupling capacitance to a value on the order of 
picofarads， much smaller than the detector junction 
capacitance， can attenuate the charge entering the 
CSA， offering a potential method to extend the ener‑
gy range for proton channels. In this case， stray ca‑
pacitance and coupling capacitance cannot be ignored 
and will significantly influence the circuit perfor‑
mance. This paper proposes a circuit theoretical mod‑
el to calculate the transfer function from input charge 
to output voltage， analyzing the influence of coupling 
capacitance， detector junction capacitance， and stray 
capacitance on the particle radiation detection system.

1 Theoretical Background 

A typical circuit schematic of the AC-coupled 
connection between the detector and CSA is shown 
in Fig.1［6， 8-9］. As illustrated， the DC bias supply 
V bias feeds the detector through a bias resistor R b， 
and the coupling capacitor Cx isolates the CSA input 
from the detector. This allows V bias to be adjusted 
without affecting the CSA， enabling the use of dif‑
ferent R b values without altering the CSA input. C d 
denotes the detector junction capacitance. C s1 de‑
notes the stray capacitance between the detector and 
coupling capacitor while C s2 denotes the stray capaci‑
tance between the coupling capacitor and CSA. The 
values of C s1 and C s2 depend on the wiring layout. 
Cx blocks DC current from the detector， making it 
suitable for detectors with high leakage current. The 
charge signal generated by the detector reaches the 
CSA via Cx. The coupling capacitance should match 
the input impedance of the preamplifier.

As shown in Fig.1， the detector generates a cur‑
rent pulse with charge Q， proportional to the energy 

Fig.1　Circuit schematic of the AC‑coupled arrangement be‑
tween detector and preamplifier
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deposited by particles in the detector. Assuming the 
preamplifier has ideal impedance （infinite input im ‑
pedance and zero output impedance） and the charge 
collection time is much shorter than the rise time of 
the amplifier， then the CSA output amplitude is

V out‑CSA = Q
ì
í
î

1 + A
( 1 + A ) C f + C g + C s2

ü
ý
þ

×

C in1

C in1 + C s1 + C d
（1）

where A is the open-loop gain of the preamplifier 
（typically 105 ─ 106 ≫ 1）； C f indicates the feedback 
capacitor of CSA； C g corresponds to the input capaci‑
tor of CSA； C in1 corresponds to the equivalent capaci‑
tance from the detector terminal to the CSA.

C in1 = C g + C s2 +( 1 + A ) C f

Cx + C g + C s2 +( 1 + A ) C f
Cx （2）

The CSA output passes through a capacitor-re‑
sistor-resistor-capacitor （CR-RC） shaping network 
to form a Gaussian signal. The shaping network has a 
linear transfer function with a fixed coefficient A 2 for 
a given particle detection system. A 2 may vary with 
frequency， but in the experiments of the following 
sections the input frequency is constant， so A 2 is 
treated as fixed. The output amplitude after shaping is

V out‑shape = A 2 Q
ì
í
î

1 + A
( 1 + A ) C f + C g + C s2

ü
ý
þ

×

C in1

C in1 + C s1 + C d
（3）

In addition to the amplitude of the output volt‑
age， the noise is also important. The noise model is 
shown in Fig.2， with main sources as follows.

（1） 2id qdf （d-i2
id） is the detector shot noise， 

which is caused by the detector leakage current id.
（2） 4kT/R b df （d-i2

R b） is bias resistor thermal 
noise which is caused by R b.

（3） 2ig qdf （d-i2
ig） is junction field-effect transis‑

tor（JFET） shot noise which is caused by the gate 
leakage current ig and it constitutes the main noise 
of JFET.

（4） 4kT/R f df （d-i2
R f） is feedback resistor ther‑

mal noise which is caused by R f.
（5） KF / ( C g f ) df （d-v2

f） is JFET flicker noise.

（6） 8kT/ ( 3gm ) df（d-v2
ch） is JFET thermal noise.

（7） 4kT/ ( g 2
m R d ) df（d------v2

R d） is drain resistor ther‑
mal noise.

Finally， all noise sources are mapped to the 
output of the preamplifier. -i2

id， d-i2
R b， d-i2

ig， and d-i2
R f 

are current noises located at the preamplifier in‑
put［6］. For an ideal amplifier， current noise at the in‑
put flows through C f to the output， giving the rela‑
tionship： V 2

noise = di2 / ( ωC f )2. Summing these contri‑
butions yields the squared output noise voltage due 
to current noise：（2id q+4kT/R b+2ig q+4kT/R f）/

( )ωC f
2 df， where ω denotes the radian frequency， 

and the value is equal to 2πf. Voltage noise sources 
d-v2

f ， d-v2
ch， and d------v2

R d are also referred to the preampli‑
fier input［6］. For an ideal amplifier， the output noise 
voltage due to voltage noise is amplified by the fac‑
tor： ( 1 + C in /C f ). Here， C in is the capacitance look‑
ing back from the gate toward the detector： C in =
C g + C s2 + Cx( C d + C s1 ) / ( Cx + C d + C s1 ). Thus， 
the squared output noise voltage from voltage noise 
is （KF / ( )C g f +8kT/ ( )3gm +4kT/( )R d g 2

m ）×( 1 +

C in /C f )
2 df. Although Cx does not introduce addition‑

al noise， it alters the noise coupling， thereby affect‑
ing the output noise. The total output noise voltage 
of the CSA is
- -- -- ----- --
v2

noise‑CSA =

( )2id q + 4kT
R b

+ 2ig q + 4kT
R f

( )ωC f
2 df +

( KF

C g f
+ 8kT

3gm
+ 4kT

R d g 2
m ) (1 + C g + C s2

C f
+

Cx( )C d + C s1

C f( )C d + C s1 + Cx ) 2

df （4）

Fig.2　Noise model of AC‑coupled arrangement
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The signal from the CSA passes through a CR-

RC shaping network to form a Gaussian signal. The 
transfer function is A ( ω )= A 0 ωτ/ ( 1 + ω2 τ 2 )［6］， 
where A 0 denotes a constant relative to the gain of 
the network， ω = 2πf corresponds to the frequen‑
cy， and τ is the time constant of the CR or RC net‑
work， which is also called the shaping time constant.

Therefore， the output noise of the shaping net‑
work is given by
- -- -- ----- --
v2

noise‑shape =∫
0

∞

|A ( ω ) |²- -- -- ----- --
v2

noise‑CSA =

τA 2
0

C 2
f ( )kT

2R b
+ kT

2R f
+ qid

4 + qig

4 +

( )K f A 2
0

2C g
+ kTA 2

0

3τgm
+ kTA 2

0

2τR d g 2
m

( )1 + C g + C s2

C f
+ 1

C f ( )( C d + C s1 ) Cx

C d + C s1 + Cx

2

（5）

The equivalent noise charge （ENC） for a CR-

RC shaping network can be calculated by

ENCnoise = eC f

A 0

- -- -- ----- --
v2

noise‑shape （6）

where e ≈ 1.602×10-19 C is the elementary charge.

2 Experiment Validation 

Since some key parameters of RENA-3 are un‑
available， experiments using discrete components 
with known parameters are conducted to validate the 
theoretical models. The applicability of these models 
to the RENA-3 system will be verified in the next 
section. Three experiments are performed， each 

varying only one capacitance （coupling capacitance 
Cx， stray capacitance C s1 or stray capacitance C s2） 
while keeping other electronics constant.

Fig.3 shows the block diagram of the experi‑
ment. To conveniently vary the equivalent detector 
junction capacitance， an equivalent output charge 
method （inside the dotted frame） is used to simu‑
late the process of particles entering the detector 
and generating charges. C d represents the equivalent 
detector capacitance and R d the equivalent detector 
resistance. A voltage signal with 80 ns rise time， 
400 μs fall time， and amplitude V is used to gener‑
ate an equivalent charge. The equivalent input 
charge Q in = V × C input， where C input is 1 pF. We 
set V between 10 mV to 200 mV and make sure 
V out‑CSA being always kept below 54 fC. Cx is cou‑
pling capacitance which can be changed by replacing 
the capacitor. C s1 and C s2 represent stray capaci‑
tance as defined earlier. A 3DJ8I JFET is used as 
the first-stage input， and a TL082M op-amp is 
served as the CSA amplifier. After the main amplifi‑
er， we read out the data using ORTEC’s multi-
channel analyzer. Specific experimental parameters 
are listed in Table 1， and results are normalized to 
the max value.

Figs.4 and 5 show the normalized output signal 
amplitude and noise of the shaping network 
（V out‑shape） versus coupling capacitance Cx， with oth‑
er parameters fixed. Data points marked “ ” are ex‑
perimental results and the solid line is theoretical re‑
sult. The same convention applies to Figs. 4—12. 
As shown， both output amplitude and noise in‑

crease with Cx. Experimental results agree with the‑
oretical analysis， confirming that the energy range 
can be extended by selecting an appropriate coupling 
capacitor.

Based on the above experiments with coupling 
capacitance， when the energy range is expanded by 
approximately a factor of four， experimental results 

Fig.3　Block diagram of discrete component experiments

Table 1　Parameters for calculation

Parameter
ig/A

C g/pF
gm/mS
KF/J

Value
10×10-9

8
15

5×10-28

Parameter
k(Boltzmann constant)/(J⋅K-1)

T/K
A

Rd/kΩ

Value
1.380 649 × 10-23

300(27 ℃)
730
6.1

Parameter
R f/MΩ
C f/pF

R b/MΩ
τ/μs

Value
100

3
100
1.1
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Fig.7　Relationship between the output signal noise of the 
shaping network V out‑shape and C s1

Fig.11　Relationship between SNR and C s1

Fig.4　Relationship between the output signal amplitude of 
the shaping network V out‑shape and coupling capaci‑
tance Cx

Fig.6　Relationship between the output signal amplitude of 
the shaping network V out‑shape and C s1

Fig.8　Relationship between the output signal amplitude of 
the shaping network V out‑shape and C s2

Fig.9　Relationship between the output signal noise of the 
shaping network V out‑shape and C s2

Fig.10　Relationship between SNR and coupling capaci‑
tance Cx

Fig.5　Relationship between the output noise of the shaping 
network V out‑shape and coupling capacitance Cx
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remain consistent with the theoretical curve. This 
scheme meets our energy expansion range require‑
ments that expanding the energy range by 4 ─
5 times for the first layer detector. A relative signal-
to-noise ratio （SNR） plot combining output and 
noise data is shown in Fig. 10. SNR is obtained by 
dividing the output from Eq.（3） by the noise from 
Eq.（6）， then normalized to its maximum value. 
SNR drops to about one‑quarter when the energy 
range is expanded fivefold， which is too low for 
low‑energy particle detection. Therefore， a dual-
channel readout system is proposed for the first-lay‑
er detector： One channel uses a small coupling ca‑
pacitor for high‑energy range， the other uses a nor‑
mal coupling capacitor for high‑precision detection.

Similarly， Figs.6，7 and Figs.8，9 show the re‑
lationships between the output signal amplitude and 
noise of the shaping network Vout-shape and C s1（C s2）. 
Output amplitude decreases with C s1（C s2）， while 
noise increases. The experimental results are consis‑
tent with the theoretical analysis.

SNR is also critical for a particle detection sys‑
tem. Similarly， Figs.11 and 12 show SNR versus 
C s1 and C s2， respectively， with other parameters 
fixed. The experimental results are consistent with 
the theoretical analysis. As shown， the SNR de‑
creases with C s1 and C s2， but the curves of the 
change are different. Thus， under low coupling ca‑
pacitance， the influence of stray capacitance depends 
on whether C s1 dominates（Which means coupling ca‑
pacitor is placed near the amplifier， and the value of 
C s1 is nearly equal to total stray capacitance） or C s2 
dominates. For a small detector capacitance （e. g.， 
Cx = 15 pF， C d = 10 pF）， SNR is higher when 

C s2 dominates. In our experiment， when C s2 is domi‑
nant SNR is 43.57， which is higher than SNR when 
C s1 is dominant （36.24） under the condition that to‑
tal stray capacitance is nearly 9 pF. However， when 
the detector capacitance is large， the result is con‑
trary that SNR when C s1 is dominant is larger （not 
shown here）. This insight can guide printed circuit 
board（PCB） layout to optimize SNR when a long 
wire between detector and CSA is unavoidable.

Figs.4—12 present the output， noise， and 
SNR as a function of coupling capacitance and stray 
capacitance， respectively， with all results normal‑
ized to their max values. However， some individual 
data points deviate from theoretical values （e. g.， 
the 390 pF data point in Fig.5）， while some figures 
show that trends differ a little from theoretical re‑
sults （e.g.， Figs.4 and 6）. Deviation of an individu‑
al data point is likely due to random experimental er‑
rors. The frequent manual swapping of capacitors 
during experiments may have caused slight inconsis‑
tencies in the circuit’s ground state over time. The 
difference for high and low capacitances in Figs. 4 
and 6 can be attributed to the tolerance of capacitors 
and the stray capacitance induced by wiring（Though 
we have done our best to minimize stray capaci‑
tance）. These impacts are more pronounced on low 
capacitance， leading to higher relative errors for 
small capacitance and likely account for the differ‑
ence between high capacitance and low capacitance 
experimental results in Figs.4 and 6.

In summary， experimental results validate the 
theoretical model， which can guide component se‑
lection to expand energy range while maintaining ac‑
ceptable SNR. Secondly， experiments show that 
we can expand the range up to 5 times， which 
meets the requirements for the first layer detectors， 
and the low SNR motivates us to design a dual-chan‑
nel readout system for the first layer detector. Final‑
ly， under low coupling capacitance， stray capaci‑
tance at different positions has significant distinct ef‑
fects on SNR. Since our instrument’s detectors 
range from tens to hundreds of picofarads， coupling 
capacitor placement on the PCB can be optimized 
for higher SNR （e. g.， placing it near the ASIC for 
the first‑layer thin， large‑capacitance detector）.

Fig.12　Relationship between SNR and C s2
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3 Application Extension on RENA‑3 
System

This section demonstrates that the model is ap‑
plicable to the RENA-3 readout system， confirming 
the feasibility of the energy‑range expansion 
scheme. Additionally， certain RENA-3 parameters 
are extracted by fitting experimental data. These pa‑
rameters are useful for our future application with 
RENA-3 chip.

Fig.13 shows the block diagram of RENA-3 
experiments. Equivalent output charge method is al‑
so used to simulate the process of particles entering 
the detector and generating charges. In the experi‑
ment， RENA-3 serves as the ASIC. A field pro‑
grammable gate array （FPGA） device is used to 
control the RENA-3 and AD9240 circuits to com ‑
plete data collection. The values of C s1 and C s2 de‑
pend on the wiring layout. In the experiment， exter‑
nal parallel capacitors emulate different stray capaci‑
tance as shown in Fig.1.

Direct verification of Eqs.（3， 5） is difficult be‑
cause some RENA-3 parameters are unknown.How‑
ever， the model’s applicability can be assessed by 
fitting the output and noise curves. Unknown param ‑
eters are treated as fitting variables. For example， 

the terms τA 2
0

C 2
f ( kT

2R b
+ kT

2R f
+ qid

4 + qig

4 ) and 

( K f A 2
0

2C g
+ kTA 2

0

3τgm
+ kTA 2

0

2τR d g 2
m ) will be set as fitting pa‑

rameters respectively in Eq.（5）. These parameters 
may vary slightly with experimental setup but should 
remain approximately constant within a given experi‑
ment set. For instance， leakage current may in‑
crease slightly when adding a parallel capacitor to 
emulate C s2， but remains unchanged across experi‑
ments changing C s2. In the previous experimental 
validation section， most parameters are known， al‑

lowing direct calculation. Here， fitting is used to test 
the model’s applicability to RENA-3. One of the 
known parameters that influence curve shape is also 
included as a fitting variable to statistically validate 
the results. For example， if we change Cx， C d will 
be set as a fitting parameter. The model is consid‑
ered valid if： （1） the fitted curve matches the experi‑
mental trend， and （2） the fitted value of the known 
parameter agrees with its measured value.

Firstly， only the value of Cx is changed from 
3.3 pF to 5 600 pF to get the relationship of normal‑
ized output signal amplitude and noise with the cou‑
pling capacitance， as shown in Fig.14. The data 
points marked by “.” are experimental results and 
the solid line is fitting results， and this is similar for 
Fig.14 to Fig.16. In the experiments， no extra stray 
capacitance is added. The figures show that the fit‑
ting curve is consistent with the experimental re‑
sults. C d is used as a fitting parameter because it sig‑
nificantly affects the curve trend （according to Eqs.
（3， 5））. The fitting value of C d is （45±3.7） pF in 
Fig.14（a） and （37.4±8.9 ） pF in Fig.14（b）， com‑
pared with the measured value of （44±0.5） pF.

Fig.14　Relationships between the normalized output signal 
amplitude and noise with the coupling capacitance

Fig.13　Block diagram of RENA-3 experiments
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Secondly， only the values of C s1 or C s2 are 
changed from 1 pF to 81 pF to get the relationships 
of normalized output signal amplitude and noise 
with the stray capacitors， as shown in Figs.15 and 
16. The figures also show that the fitting curve is 
consistent with the experimental results. In Fig.15
（a）， we set coupling capacitance Cx as fitting pa‑
rameter （according to Eq.（3））. The fitting value of 
Cx is （95±5.6） pF in Fig.15（a） while the measure‑
ment value is （88±1） pF. In Fig.16（a）， C d is fit‑
ted as a major factor affecting noise besides stray ca‑
pacitance （according to Eq.（5））. The fitting value 
of C d is （1.9±1） pF in Fig.16（a）， compared with 
the measured value of （1±0.1） pF.

The differences between the above mentioned 
experiment and the measured values may stem from 
component tolerances and unaccounted for noise 
sources （e.g.， power‑supply ripple）. But within the 
error range， fitted values agree with measurements. 
Meanwhile， Fig.14（a） indicates that when C d ≈ 
44 pF， setting Cx ≈ 7 pF extends the energy range 
by nearly a factor of four （≈9 MeV）. This is suffi‑
cient for alpha‑particle detection in the first‑layer de‑
tector. The measuring error of C d for a real detector 
will affect the final extended range and the estima‑
tion of SNR. If we set the error of C d to 10% and 
use the parameters of the fitting in Fig.14， the error 
on the energy range and SNR could be calculated， 
which are both about 10%. Therefore， when expand‑
ing the energy range， a certain margin needs to be re‑
served. These experiments confirm the model’s ap‑
plicability to the RENA-3 readout system. There‑
fore， the experiment conclusion in section “Experi‑
ment Validation” can also be applied to RENA-3 
readout system.

Finally， fitting also yields estimates of un‑
known RENA-3 parameters. In Fig.15（b）， ( A +
1 ) C f is a major factor to affect output signal ampli‑
tude here （according to Eq.（3））. However， we can‑
not find a specific value of A in RENA-3 chip’s 
manual. We can only provide the fitting result that 
( A + 1 ) C f = （573±38） pF. The C f used here is 
60 fF， so the gain of RENA-3 chip is nearly 104 
when the R f is 200 MΩ and C f is 60 fF. In Fig.16
（b）， we set C d + C g as a fitting parameter. Accord‑

Fig.16　Relationships between the normalized output signal 
noise and the stray capacitance when C s1 dominates 
or C s2 dominates

Fig.15　Relationships between the normalized output signal 
amplitude and the stray capacitance when C s1 or C s2 
dominates
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ing to Eq.（3）， it is the major factor for noise be‑
sides stray capacitance. RENA-3 official manual on‑
ly states C g≤5 pF. The fitting value of C d + C g is 
（5.3±0.8） pF in Fig.16（b）. According to the mea‑
surement value C d = （1±0.1） pF， we get that C g 
of RENA-3 is （4.3±0.8） pF. Considering the error 
range， the fitting value agrees with the manual. Ta‑
ble 2 lists these two extracted parameters not provid‑
ed in the manual. These parameters could be useful 
in our future circuit design and PCB layout with RE‑
NA-3 circuit such as output and noise estimation in 
other circuit. And for each experiment above， the 
fitting results of unknown parameters we mentioned 
in this section are within an error of 20% except the 
C d in Fig.16（a）. However， the absolute error for C d 
is only 1 pF. The percentage error is large due to 
the small nominal value.

In this section， we validate that the model can 
be applied to RENA-3 by fitting the output and 
noise curves. Fitted values are close to actual com ‑
ponent values， and curves match experimental 
trends. The deviations of individual data points in 
this section are consistent with those discussed in 
the “Experiment Validation” section. The 
open‑loop gain and input capacitance are also ex‑
tracted. Thus， the model is applicable to the RE‑
NA-3 readout system， and conclusions from the 

“Experiments Validation” section hold for RENA-3.

4 Conclusions 

To extend the energy range for proton and ion 
channels of the RENA-3 chip in the IEPS instru‑
ment using small coupling capacitance， this paper 
presents a circuit theoretical model that calculates 
the transfer function from input charge to output 
voltage， analyzing the influence of coupling and 
stray capacitances. Experiments， using discrete de‑
vices with known parameters， are also done to veri‑
fy the theoretical model. The model is then applied 

to the RENA-3 system for optimization， and certain 
RENA-3 parameters are obtained. The theoretical 
model provides an important reference for the circuit 
design and PCB layout for our instrument or other 
future application with RENA-3. It helps position 
the coupling capacitor to optimize SNR by manag‑
ing the stray capacitance distribution.

Additionally， the experiments lead to a 
dual‑channel readout system design. Two parallel 
coupling capacitors will connect to RENA-3， re‑
spectively. The value of one coupling capacitor is 
large such as 0.01 ─ 0.1 μF， and the other is as 
small as what we set in our experiment in this paper
（such as 20 pF）. Thus， for the same input， this pro‑
duces two electronic signals： A large one and a 
small one. The large signal has high resolution but a 
lower upper energy limit， whereas the small signal 
has lower resolution but a higher upper energy limit. 
When the large‑signal channel is not saturated， its 
output is used. For large input charges that saturate 
the large‑signal channel， the small‑signal channel， 
which continues to respond， is used. This expands 
the detectable energy range while preserving rela‑
tively low noise at low energies. However， cross‑
talk between channels may slightly increase 
low‑energy noise compared with a single‑channel 
system. We will conduct further exploration and re‑
search on this topic later.

Ultimately， the energy range can be extended 
to approximately 9 MeV， about four times the ex‑
perimental linear range or eight times the official 
manual specification. This kind of design can solve 
the problem that RENA-3 cannot meet the require‑
ment for energy range of proton and ion channels for 
our instrument.
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基于 RENA‑3的粒子探测系统中低耦合电容影响研究

杨 芯 1，2， 王玲华 1，2， 于向前 1，2， 施伟红 1， 陈鸿飞 1， 王游龙 1， 王永福 1， 
宗秋刚 1， 邹 鸿 1， 叶雨光 1

（1.北京大学地球与空间科学学院空间物理与应用技术研究所，北京 100871，中国； 2.中国科学院国家空间科学

中心太阳活动与空间天气国家重点实验室，北京 100190， 中国）

摘要：粒子探测系统的性能主要由其第一级放大电路决定 ，主要包括粒子辐射探测器和电荷灵敏放大器

（Charge‑sensitive preamplifier， CSA）。探测器与前端读出电路之间的连接通常采用交流耦合方式，配备一个在  
0.01~0.1 μF 的范围内的耦合电容，将 CSA 的输入与探测器隔离开来。专用集成电路（Application‑specific inte‑
grated circuit， ASIC）RENA‑3 是一种多通道混合信号集成电路（Integrated circuit， IC），具有高能量分辨率和高

时间分辨率的特点，专为粒子辐射探测器的读出电路而设计。行星际超低噪声三维能量粒子谱仪被设计为利用

RENA‑3 作为前端电路，探测 20~1 000 keV 电子、25~12 000 keV 质子和 α 粒子这样的离子。然而，RENA‑3 的

最大输入电荷为 54 fC，这限制了它的最大探测范围约为 1 200 keV，这个能量不足以满足仪器质子探测的能量范

围需求。虽然也可以采用其他 ASIC，但现有的替代方案无法同时满足高精度和宽测量范围的要求。本文提出

采用一个小的耦合电容，在电荷信号到达 CSA 输入之前对其进行衰减，来扩展 ASIC 的探测范围。该耦合电容

的大小在皮法量级，需要小于探测器结电容。在这种配置下，杂散电容和耦合电容对电路性能的影响变得非常

重要。本文提出了一种电路理论模型来计算从输入电荷到输出电压的传递函数，分析了耦合电容和杂散电容对

粒子辐射检测系统的影响。使用已知参数的分立元件进行实验来验证理论模型。然后将该模型应用于 RE‑
NA‑3 系统并按照仪器指标进行相应电路优化。实验结果显示，通过减小耦合电容的方法能够将 RENE‑3 的能

量探测范围至少扩大到 9 MeV，这个能量满足仪器的质子探测指标。最后，杂散电容对小耦合电容的读出电路

影响较大，本文分析了不同杂散电容对电路的影响，认为不同电容大小的探测器应采取不一样的电路板布局，能

够通过改变杂散电容的分布从而得到更高的信噪比。

关键词：交流耦合电路；耦合电容；杂散电容；电路表现；粒子辐射探测系统

研究亮点：

1. 提出了一种电路理论模型来计算从输入电荷到输出电压的传递函数。

2. 成功实现将 RENA‑3 的能量探测范围至少扩大到 9 MeV，并应用于行星际超低噪声三维能量粒子谱仪。

3. 探究在小耦合电容条件下，不同杂散电容对电路的影响，提出根据不同探测器电容改变杂散电容分布从而获

得更高的信噪比。

4. 实验中通过分析得到 RENA‑3 部分关键参数。
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