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- 
Abstract —  It is shown that it is necessary to take into 

account the radiation influence on CMOS IC’s 
characteristics in the process of waveforms distortions 
analysis in satellite communication PCB traces. The special 
SPICE models for CMOS transistors with radiation 
dependent model parameters were used for this purpose. The 
simulation results showed that total dose results to reducing 
of IC output current, increasing of IC output voltage rise/fall 
times  and to reduction of parasitic oscillations in PCB traces. 
The influence of irradiated P- channel MOSFET on transient 
characteristics is more important than N-MOSFET’s 
influence because of summarized mobility reduction and 
threshold voltage value increasing. 

 
Keywords — CMOS, integrated circuit, printed circuit 

board, board trace, signal waveform, signal integrity, SPICE 
model, IBIS model, space telecommunication systems, 
radiation effects. 

I. INTRODUCTION 

igital systems, realized on printed circuit boards 
(PCBs) are the main parts of satellite communication 
systems. Digital electronic component properties 

(input, output impedances, output driving capability, 
signal slew rates, etc.) as well as  parasitic parameter of 
components  packages, PCB traces electrical parameters 
and signal parameters influence the signal integrity (SI) – 
i.e. signal waveform distortions and PCB traces inter 
influence [1-3] (see Fig. 1). Higher PCBs and ICs 
integration densities and their higher working frequencies 
result to more complicated design of high-speed 
telecommunication systems on modern PCBs . 
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PCB designers and signal integrity engineers can use a 
variety of simulation tools to perform their design tasks 
[3,4]. SPICE simulation tools are used as the detailed 
circuit analysis tools. IBIS models of digital components 
are widely used for signal integrity analysis at PCB level 
[3, 7]. They are used for  less accurate but faster SI 
analysis than SPICE simulation tools. 

Many questions of SI analysis for commercial 
telecommunication components and PCBs are well 
described and discussed [1-3, 7]. However, 
telecommunication systems for satellite, aerospace and 
some other special applications work under the influence 
of space radiation (total dose, single events [4-6]) factors. 
Some aspects of radiation and temperature account in SI 
analysis with IBIS models were described by the authors 
[8]. However the questions of detailed SPICE simulation 
of signal integrity analysis in special digital systems on 
PCB under radiation influence were not described enough.  

In this paper we consider some results of SPICE 
simulation of CMOS IC output waveforms distortions in 
PCB trace with account for  radiation influence. 

 
Fig. 1. Signal waveforms correlation with trace and 

driver/receiver parameters ([3]). 
 

II. THE PROCEDURE OF SPICE SIMULATION OF CMOS IC 

WAVEFORMS DISTORTIONS IN PCB TRACES WITH 

ACCOUNT FOR RADIATION EFFECTS  

When irradiated IC (Driver in Fig.1) sends its signal to 
receiving IC (Receiver in Fig.1) through complex 
resistance Z0 of PCB trace the following factors influence 
the waveform distortions (see Fig. 1) [2,3]: 

- R,L,C- parameters of PCB trace; 
- input and output parameters of ICs which are radiation 
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dependent. 
R,L,C- parameters of PCB trace can be considered as 

radiation independent.  
For CMOS IC the main radiation dependent output 

parameters and characteristics are:  output stage transistors 
static (I-V-curves) and dynamic (output slew rate) 
characteristics. The changes in CMOS IC input impedance 
for IC (as a Receiver) can be neglected.  

To account for radiation effects in MOSFET 
characteristics it necessary to consider [9-11]: 

- MOSFETs threshold voltage Vto shifts (reduction of 
threshold voltage Vton for N-MOSFET and growth of 
absolute value of Vtop for P-MOSFET) and 
-  MOSFET  mobility µeff reduction  due to total dose of 
irradiation (Fig. 2). 
 

 
(a) 

 
(b) 

Fig. 2. MOSFET threshold voltage shift (a) and mobility 
degradation (b) as a function of total dose and post-

irradiation anneal [9].  
 
All these factors result to reduction of IC output driving 

current and integrated circuit timing degradation (Fig. 3 
from [9]). P- MOSFET influence on transient 
characteristics degradation (tplh) can be more noticeable 
because of combined P- MOSFET mobility reduction and 
threshold voltage value increasing. 

 

 
 

Fig. 3. Changes in integrated circuit timing as a function 
of total dose and post irradiation biased anneal [9]. 

 
In our previous works we have developed and 

successively used SPICE models for semiconductor 
electronic component, including CMOS FETs with 
account for different kinds of radiation [12, 13]. In this 
work we used these SPICE models for CMOS transistors 
of IC to realize SI analysis. 

The circuit for SPICE simulation was the following 
(Fig. 4): the pair of output CMOS FETs (as a Driver), 
usual distributed RLC circuit for PCB trace and 1 106 
Ohm resistance and 4pF capacitance (as a Receiver input 
impedance).  

The procedure of SPICE simulation and analysis of 
signal waveform distortions in PCB trace with account for 
total dose  effects was the following: 

1. SPICE simulation of the equivalent circuit (Fig. 4) 
before  irradiation and detailed analysis of signal 
waveforms distortions at the output stage node 
(“Driv_Out”) and Receiver input node after PCB trace 
(“Receiv_Inp” in Fig. 4).  

2. SPICE simulation of the equivalent circuit (Fig. 4) 
after a set of total dose and detailed analysis of signal 
waveforms distortions at the output stage node 
(“Driv_Out”) and Receiver input node after trace 
(“Receiv_Inp” in Fig. 4). Identification of signal 
waveform distortions due to irradiation. 

 

III. RESULTS  OF SPICE SIMULATION OF CMOS IC 

WAVEFORMS DISTORTIONS IN PCB TRACES WITH 

ACCOUNT FOR RADIATION EFFECTS  

As an example we used output transistor parameters for  
CMOS IC (КR1561IЕ21) designed for satellite  digital 
systems: 

MOSFET channel length – 1.5 um, width- 1300 um (N-
MOSFET), 1600 um (P-MOSFET), 

gate oxide thickness – 30 nm, 
N-MOSFET threshold voltage vton=1.2V, 
P-MOSFET threshold voltage vtop= -1.3V. 
 
Transistors parameters degradation after 300krad [4,6] 

total dose:  
Threshold voltage for N_MOSFET vton= 0.5V, 
Threshold voltage for P_MOSFET  vtop=  - 2.4V. 
 
 



 

 

 
Fig. 4. Circuit for SPICE  simulation of signal waveforms distortions. 

 
 
PCB copper  traces with the  different parameters were 

simulated: 
trace length            - 10…100mm, 
copper thickness     – 18 and 36um, 
trace width             -  0.1…0.5 mm, 
PCB material          - FR4, 4 layers. 
Parasitic RLC-parameters for the traces were calculated 

using [1,3].  
Signal receiver input impedance  -   R=106 Ohn, 
C=4 10-12F.   
The results are presented for 100 mm trace. The 

equivalent circuit for SPICE simulation was presented in 
Fig. 4. 

Fig.5 presents SPICE simulated output buffer signal 
waveform (solid line) and receiver input signal waveform 
(dashed line) after trace before (a) and after 100krad (b) 
and 300krad dose (c).  

It is seen that the rising time trise becomes 8 ns after 300 
krad in comparison with 2 ns for the circuit before 
irradiation. Falling time tfall becomes 2.3 ns after 300 krad 
in comparison with 2 ns for the circuit before irradiation. 
So, P- MOSFET influence on transient characteristics 
(rising time) is more important  than that of N MOSFET 
because of summarized mobility reduction and threshold 
voltage value increasing. Both of these factors degrads P- 
MOSFET transconductance and results to a large rising 
time increasing.  

N-MOSFET influence on transient characteristics (fall 
time) is less important - N-MOSFET transconductance 
degradation results to a little fall time increasing. 

Reduced MOSFET transconductances reduce parasitic 
signal oscillations after rising/falling processes  - 
oscillating amplitude Umax_oscill_1 reduces from 0.6V to 
0.4V (for 300krad) after falling process and from 0.7V to 
nearly zero after rising process. That’s good in the context 
of SI analysis. 

 
To analyze ∆U/∆t (parameter for IBIS model [7] 

without PCB influence) degradation after irradiation, 
buffer output signal waveforms were simulated for  
resistive load R=50 Ohm . The simulated waveforms are 
presented  in Fig. 6. 

 It is seen that for 50 Ohm load irradiation results not 
only to rising/falling slew rates reduction (for example, 
falling slew rate ∆U1/∆t1 reduces from 1.4V/ns to 0.4V/ns) 
but to reduction of maximal output voltage value Umax_out 
from 3.2 to 1.18V.  

 
 

IV. CONCLUSIONS 

1. It was shown that it is necessary to take into account 
the radiation influence on CMOS IC’s waveforms 
distortions in SI analysis for PCB traces of satellite 
communication systems. 

2. The simulation results showed that rising/falling 
waveforms degraded after irradiation. Herewith P- 
MOSFET influence on CMOS IC output transient 
characteristics degradation (rising waveforms) is more 
important (more than 4 times in comparison with the 
circuit before irradiation) than that of N-MOSFET (falling 
times increased in 17%) because of summarized P-
MOSFET mobility reduction and threshold voltage value 
increasing.  

3. Reduced transconductances of N- and P-MOSFETs  
reduced parasitic oscillations in PCB trace. That’s positive 
result in the context of SI analysis. 

4. For 50 Ohm load irradiation resulted to rising/falling 
times increasing and to reduction of maximal output 
voltage value . 

 



 

 
(a) 

 
(b) 

 
(c) 

Fig. 5. SPICE simulated output buffer signal waveform 
(solid line) and receiver input signal waveform after PCB 
trace (dashed line) before (a) and after 100krad dose (b) 

and 300krad dose (c). Trace length is 100 mm 
 

 
(a) 

 
(b) 

Fig. 6. SPICE simulated output buffer signal waveform 
(solid line) for load 50 Ohm before (a) and after 300krad 

dose (b).  

REFERENCES 
[1] Stephen H. Hall, Garrett W. Hall, James A. McCall, High-Speed 

Digital System Design—A Handbook of Interconnect Theory and 
Design Practices. John Wiley & Sons, Inc, 2005, 327 p. 

[2] Fundamentals of Signal Integrity. Primer. – Tektronix 2008. 
Available: www.tektronix.com/signal_integrity . (URL). 

[3] Zhen Mu, “Simulations in Guiding Gpbs PCB Design of 
Communication Systems”. Sycamore Networks Inc. Chelmsford, 
MA 01824 USA. .Available: 
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.114.9591
&rep=rep1&type=pdf  (URL). 

[4] Kenneth A. LaBel, “An Insider's Guide to Designing Spacecraft 
Systems and Instruments for Operation in the Natural Space 
Radiation Environment”, GSFC Systems Engineering Seminar, 
April 5, 2001. 

[5] Kenneth A. LaBel, Michael J. Sampson, “The NASA Electronic 
Parts and Packaging (NEPP) Program: Roadmap for FY15 and 
Beyond and Recent Radiation Highlights”, 2015 Radiation 
Hardened Electronics Technology (RHET), Conference, 
Albuquerque, NM, November 16-18, 2015. 

[6] John D. Cressler, H. Alan Mantooth, “Extreme Environment 
Electronics”, CRC Press , 2012,  976 p. 

[7] D. Telian, “IBIS Made Easy”  - The Cadence Designer Network 
User Group Community, July, 1997. 

[8]  K.O. Petrosjanc, I.A. Kharitonov, “Account for radiation effects in 
signal integrity analysis of PCB digital systems”, in Proc. 16-th 
Euromicro Conference Series on Digital System Design, , 
Santander, Spain, 2013, pp.479-482. 

[9] F.W Sexton., J.R Schwannk, “ Correlation of radiation effects in 
transistors and integrated circuits” , in  IEEE Trans. on Nucl. Sci., 
vol.NS-32, N 6,1985,  pp.3975-3981. 

[10] K. O. Petrosyants, I. A. Kharitonov, E. V. Orekhov, L. M. 
Sambursky, A. P. Yatmanov, “Simulation of Radiation Effects in 
SOI CMOS Circuits with BSIMSOI-RAD macromodel,” in Proc. 
7th IEEE East-West Design & Test Int. Symp. (EWDTS), Moscow, 
Russia, 2009, pp. 243–246. 

[11] I. A. Kharitonov, “Multi-level methodology for CMOS SOI/SOS 
MOSFET parameterization for IC radiation hardness simulation 
with SPICE,” in Proc. 8th IEEE EWDTS Symposium, 2010, 
pp. 358–361. 

[12] K. O.Petrosyants, I. A. Kharitonov, L. M. Sambursky, M. V. 
Kozhukhov, “Expanding Commercial SPICE Possibilities in the 
Field of Extreme Environment Electronics Design by Using New 
BJT and MOSFET Models with Account for Radiation Influence ”, 
in Proc. of the International Scientific-Practical Conference 
Innovative Information Technologies. Part 3, Moscow, HSE, 2014. 
pp. 244-253. 

[13] K. O. Petrosyants, I. A. Kharitonov, L.M. Sambursky, A.S. 
Mokeev, “Rad-hard versions of Spice MOSFET models for 
effective simulation of SOI/SOS CMOS circuits taking into account 
radiation effects»”, in Proc. 24-th European conference on 
radiation and its effects on components and systems (RADECS-
2015), September, Moscow, Russia, 2015, pp. 23-26. 


