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Abstract—The paper presents and discusses the results of 

simulation of the current-voltage characteristics of an avalanche 

photodiode carried out in the SPICE program. The simulations 

take into account the influence of the directed energy of the 

electromagnetic field used in modern DEW (Directed-Energy 

Weapon), in the form of laser optical radiation and HPM (High 

Power Microwave) radiation, on the characteristics of the 

photodiode. The calculations were made using the model of the 

considered diode developed by the authors. 
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I. INTRODUCTION 

HE directed energy of the electromagnetic field is currently 

of great interest in the area of military technology, in 

particular in the development of modern DEW (Directed-

Energy Weapon) [1]-[3]. The main task of such weapons using 

high-power energy is to destroy the enemy's technical 

equipment, including weapons, communication systems or 

autonomous reconnaissance and combat objects such as drones 

(UAVs - Unmanned Aerial Vehicles), as shown, among others, 

at work [4]. The area of potential targets also includes devices 

and systems that are part of critical infrastructure, e.g. ICT 

(Information and Communications Technology) infrastructure. 

High-power energy can be generated in the form of a continuous 

wave or HPEM (High Power Electromagnetics) pulses, in 

particular treated as HPM (High Power Microwave) radiation in 

the microwave frequency range [5]-[7] and in the form of pulsed 

or continuous laser radiation generated in the infrared range by 

high-power HEL (High Energy Lasers) [8],[9]. Intentional 

impact on electronic devices is called IEMI (Intentional 

Electromagnetic Interference) [5]. In the case of HPM, it may 

be indirect - the energy reaches devices through the walls of 

buildings and device housings, or direct - the energy penetrates 

devices through antennas [5],[6],[10],[11]. In turn, in the case 

of laser radiation, the impact is direct, because the radiation 

emitted by HEL or MEL (Medium Energy Laser) lasers has a 

thermal effect on the object it falls on, destroying it.  

However, the impact of IEMI does not have to be directly 

destructive - in the case of directed radiation with lower powers, 

it temporarily disrupts the operation of electronic and 
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optoelectronic devices and systems by changing the operating 

point of electronic components, including semiconductor 

devices [3],[9]. Ultimately, such influence may also results in 

the destruction of targets. Weapons using the directed energy 

aimed at disrupting the operation of enemy devices are called 

low-power (or low-energy) DEW [12],[13]. The advantage of 

such a weapon is its compactness and the ability to be used in a 

portable (mobile) form by soldiers on the battlefield. This type 

of weapon does not require high-power sources. 

The literature review conducted by the authors does not allow 

to clearly determine the threshold value between low-power and 

high-power energy. In the case of microwave radiation, 

depending on the literature source, high power is treated as: a 

power value greater than 10 kW (average value) [14], a power 

value ranging from 10 to over 100 MW (pulse value) 

[1],[5],[15],[16]. However, in the case of optical radiation for 

lasers operating in the infrared, the threshold value is 1 kW [1] 

or 20 kW [8], but it depends on the type of laser. 

Military technology that is a target for DEW weapons 

includes many types of optoelectronic devices and systems. 

These include, for example, vision systems installed on UAVs, 

FSO (Free Space Optics) links, thermal imaging devices, and 

optically guided weapons. One of the most frequently used 

photodetectors in optoelectronic systems are avalanche 

photodiodes, which, compared to pin photodiodes, are 

characterized by the avalanche amplification of the 

photocurrent, which allows for a stronger response when 

stimulated with a low-power optical signal [17]. Modeling of 

photodiodes characteristics in typical operating conditions, is 

presented in numerous scientific works, e.g. [18],[19]. Some of 

the experimental works discuss, among the others, the issue of 

damage of photodiodes as a result of excitation by laser 

radiation, e.g. [20],[21]. However, as a result of the literature 

review, no work was found attempting to model or present 

measurement studies of the impact of the directed energy on the 

characteristics of photodiodes with taking into account HPM 

and optical signals. The avalanche photodiodes, unlike pin 

photodiodes, typically operate with higher reverse current 

values. According to the authors, it may result in a higher 

susceptibility of these electronic elements to the impact of the 

directed energy of the electromagnetic field, manifested by a 
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change in characteristics and an operating point.  

This work presents the avalanche photodiode model enabling 

the determination of the current-voltage characteristics of the 

photodiode, taking into account the influence of the directed 

energy of the electromagnetic field in the optical and microwave 

range. The SPICE program was used to develop the photodiode 

model, which was often used by both the authors and other 

researchers in the works [18],[19],[22]-[29] to develop models 

of various semiconductor devices, allowing for modeling their 

electrical and electrothermal properties. The work presents the 

calculation results obtained by the use of the SPICE program for 

selected electromagnetic field parameters and analyzes them. 

II. MODEL FORM 

Figure 1 shows the network form of the worked out avalanche 

photodiode model. The main element of the model is the 

controlled GDIODE current source. This source models the current 

flowing through the unlighted reverse biased photodiode 

junction (the dark current), including the recombination and 

diffusion currents. The photoelectric current generated in the 

photodiode as a result of the incident optical radiation of the 

useful signal is modeled by the controlled GOPT current source. 

In turn, the photoelectric current generated as a result of 

disrupting optical radiation is modeled by the controlled GOPTD 

current source. 

 

 

Fig. 1. The form of the avalanche photodiode model (terminals A and C 

represent anode and cathode of the photodiode respectively) 

The controlled voltage sources EEF and EMF model the 

influence of the external electric field and the magnetic field on 

the characteristics of the photodiode, respectively, resulting 

from excitation with HPM signal. In turn, the controlled voltage 

source ERS is responsible for modeling the voltage drop across 

the series resistance of the photodiode. However, the 

independent voltage source VIAPD with a voltage efficiency of 

zero is an auxiliary element of the model which measure the 

photodiode current efficiency. 

It should be noted that the influence of the electromagnetic 

field during HPM excitation on the characteristics of the 

avalanche photodiode was based on the concept presented in the 

co-authored work [30], in which the characteristics of the p-n 

diode were determined. According to this concept, the impact of 

the electromagnetic field on a semiconductor device can be 

determined by the quantities describing the variable external 

electric field and the variable magnetic field, i.e. the electric 

field intensity and the magnetic induction. As a result of the 

action of the electric field between the terminals of a 

semiconductor device, an additional voltage drop is observed, 

proportional to the length of the pins of such device. In turn, the 

alternating magnetic field induces an electromotive force 

between the terminals of the device, proportional to the product 

of the magnetic induction, the frequency of changes in the 

magnetic field and the dimensions of the circuit created by the 

terminals of the semiconductor device. 

The analytical description of the GDIODE source is based on 

the description of the p-n diode model built into the SPICE 

program. However, the original component of the diode current 

flowing in the breakdown range was removed from the 

considered model, and a new component related to the 

avalanche multiplication phenomenon was introduced to the 

model. This work does not present the dependencies describing 

the original form of the diode model from the SPICE program, 

given e.g. in [31],[32], but formulas modified or newly 

introduced into the proposed model are presented. 

The current efficiency of the GDIODE source in the avalanche 

photodiode model is described by the formula: 

𝐼𝐺𝐷𝐼𝑂𝐷𝐸(𝑇, 𝑢) = (𝐼𝐷1(𝑇, 𝑢) ∙ 𝐾𝐼𝑁𝐽(𝑇, 𝑢) + 𝐼𝐷2(𝑇, 𝑢) ∙ 𝐾𝐺𝐸𝑁(𝑇, 𝑢)) ∙

                                      ∙ 𝐴𝑉𝐴𝐿(𝑢)  (1) 

where u is the voltage between nodes A and MID, T denotes the 

temperature, ID1 is the diffusion component of the diode 

current, KINJ is the coefficient for the high level of carrier 

injection, ID2 is the recombination current, KGEN is the 

generation coefficient, and the AVAL coefficient describes the 

phenomenon of the avalanche multiplication of carriers for the 

avalanche photodiode. 

The avalanche multiplication coefficient expressed by the 

formula based on literature relationship presented, for example 

in [33],[34], is of the form: 

 𝐴𝑉𝐴𝐿(𝑢) = {
1, 𝑢 ≥ 0

(1 − (𝑢 𝐵𝑉𝐴𝑉𝐴𝐿⁄ )𝑀𝐴𝑉𝐴𝐿), 𝑢 < 0
 (2) 

where BVAVAL is the breakdown voltage of the avalanche 

photodiode, and MAVAL is the parameter modeling the hardness 

of the reverse characteristics of the avalanche photodiode. It 

should be noted that for the purposes of this work it was not 

necessary to take into account the influence of temperature on 

the diode breakdown voltage. 

The photoelectric current generated by the useful signal 

modeled by the controlled current source GOPT is described by 

the formula:  

  𝐼𝐺𝑂𝑃𝑇(𝑢) = 𝑃𝑂𝑃 ∙ 𝑆𝐸𝑁𝑆 ∙ 𝐴𝑉𝐴𝐿(𝑢) (3) 

where POP means the useful optical power, while the SENS 

parameter is the maximum current sensitivity of the photodiode 

at the useful wavelength of optical radiation. In the case of the 

useful signal, it was assumed that it fell perpendicularly onto the 

photodiode surface. 

The photoelectric current generated as a result of incident 

disrupting directed optical radiation, modeled by the GOPTD 

current source, is expressed in a formula based on the theoretical 

relationships given in the works [19],[35],[36]: 

 𝐼𝐺𝑂𝑃𝑇𝐷(𝑢) =

{
 
 

 
 
(𝐴𝑅𝐸𝐴 ∙ 𝑞 ∙ 𝑃𝑂𝑃𝑇𝐷 (ℎ ∙ 𝑐 𝜆))⁄⁄ ∙ (1 − 𝑅) ∙

∙ (1 − 𝑒𝑥𝑝(−𝛼 ∙ 𝑊)) ∙ 𝑐𝑜𝑠𝜃 ∙ 𝐴𝑉𝐴𝐿(𝑢),

𝑐/𝜆 ≥ 𝐸𝐺𝑊/𝑔
0,

𝑐/𝜆 < 𝐸𝐺𝑊/𝑔

 (4) 
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where q is the electron charge, AREA is the surface absorbing 

the radiation, POPTD is the optical power density of the disrupting 

signal, h is Planck's constant, c is the speed of light in vacuum, 

 is the leading wavelength of the disrupting radiation, R is the 

reflection coefficient,  is the coefficient absorption of 

radiation, W is the width of the space charge layer of the diode 

junction, the parameter g is a constant corresponding to the 

quotient of Planck's constant by the electron charge, EGW is the 

width of the energy bandgap of the silicon, and  is the angle 

between the incident radiation and the normal to the 

photodetector surface. The radiation absorption coefficient  is 

described by the following relationship [35]: 

  𝛼 = 5.6 ∙ 104 ∙ √𝑔 ∙ 𝑐/𝜆 − 𝐸𝐺𝑊/(𝑔 ∙ 𝑐/𝜆) (5) 

The voltage on the controlled voltage source EEF, responsible 

for modeling the influence of the external electric field, is 

expressed by the formula: 

 𝑈𝐸𝐸𝐹 = 𝐸𝐹 ∙ 𝑙 (6) 

where EF is the external electric field intensity, and l is the 

physical length of the semiconductor device, including its 

terminals.  

The voltage on the controlled voltage source EMF, which is 

responsible for modeling the electromotive force induced in a 

circuit positioned perpendicular to the alternating magnetic 

field, is expressed as: 

 𝑈𝐸𝑀𝐹 = 2 ∙ 𝜋 ∙ 𝑎 ∙ 𝑏 ∙ 𝑓𝑀𝐹 ∙ 𝐵𝑀𝐹  (7) 

where a and b are the dimensions of the rectangular circuit, BMF 

is the amplitude of the magnetic induction, and fMF is the 

frequency of changes of the magnetic field. 

III. RESEARCH RESULTS 

This chapter presents the results of modeling the reverse 

characteristics of the avalanche photodiode using the proposed 

model. Calculations for the impact of individual parameters, i.e. 

POPTD, , EF, BMF and fMF, were performed both independently 

and in common at the temperature of 300 K. Moreover, values 

for the POPTD and EF parameters were adapted that correspond 

to the excitations generated by low-power DEW (POPTD  

1 kW/m2, EF  600 V/m). The photodiode model was 

implemented in the SPICE program in the form of a .cir text file. 

Table I shows the parameter values of the avalanche 

photodiode model used in the calculations. The values putted in 

the white area were taken from the library of parameters of the 

diode model built into the SPICE program given for the 

photodiode MRD510 (in SPICE the parameter values are 

available only for this photodiode), while the parameter values 

given in the gray area were obtained from the following sources: 

catalog note for the APD50-8-150 avalanche photodiode [37] - 

parameters SENS, AREA and BVAVAL, the work [19] - parameter 

R, the work [35] - parameter W, the work [33] - parameter MAVAL 

or adopted arbitrarily - parameters l, a, b, , , POP. The value 

of the optical power of the useful signal POP falling on the 

photodiode was assumed on the basis of work [38], which shows 

that the optical powers of emitters used in FSO links are at least 

equaled to 10 mW. Moreover, it is worth noting that avalanche 

photodiode manufacturers do not provide the parameter values 

of the offered diodes for SPICE program. 

Figure 2 shows the reverse characteristics of the avalanche 

photodiode operating with disrupting optical radiation with a 

wavelength of 1100 nm for different power density values of 

this signal, i.e.: 0.1, 0.5, 1 kW/m2 and in the absence of this 

signal. The adapted wavelength results from the proximity of 

the long-wave boundary of the photodiode absorption band, 

equalled to 1117 nm, resulting from the value of the parameter 

EGW. As results from the obtained calculations, the disrupting 

optical signal results in an increase in the photodiode current in 

the entire reverse bias range, but does not cause a change in the 

photodiode breakdown voltage. It should be noted that an 

additional increase in the reverse current of the photodiode may 

result in errors in the receiving of the correct useful optical 

signal or even thermal damage of a photodetector. 

 

 

Fig. 2. Characteristics of the avalanche photodiode for different values  

of the power density of the optical disrupting signal 

The next Fig. 3 presents the reverse characteristics of the 

avalanche photodiode operating in the presence of disrupting 

optical radiation with a constant power density of this signal 

equal to 1 kW/m2 and different wavelengths of radiation, i.e. 

500 nm, 1100 nm and  > 1117 nm. According to the obtained 

calculations, if the wavelength of the disrupting signal is longer 

than the wavelength resulting from the energy bandgap of the 

semiconductor material, such a signal does not affect the 

characteristics of the photodiode. As shown in Fig. 3, a shorter 

optical wave results in a smaller increase of the photoelectric 

current. In order to effectively and negatively affect the 

TABLE I 

PARAMETER VALUES OF THE AVALANCHE PHOTODIODE MODEL 

Parameter Value Parameter Value 

IS  [A] 1.0210-12 
TRS1, TRS2  

[C-1], [C-2] 
0 

N 0.841978 SENS [A/W] 0.5 

EGW  [V] 1.11 BVAVAL [V] 150 

XTI 3 MAVAL 2 

RSW  [] 10 R 0.01 

IKFW  [A] ∞ AREA [m2] 19.610-6 

ISR  [A] 1710-12 W [m] 110-6 

NR 2 l [m] 0.02 

VJ [V] 0.202968 a [m] 0.01 

kM 0.146605 b [m] 0.01 

FC 0.5  [rad] 0.524 

TIKF [C-1] 0 POP [W] 0.01 

TBV1,  TBV2 

[C-1], [C-2] 
0   
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photodiode, external disrupting radiation should be within the 

spectral sensitivity band of the photodiode. 

 

 

Fig. 3. Characteristics of the avalanche photodiode for different values 

of the wavelength of the optical disrupting signal 

Figure 4 shows the reverse characteristics of the avalanche 

photodiode operating in the presence of a disrupting external 

electric field of 100 V/m, 300 V/m and 600 V/m, respectively. 

As it is shown by the obtained calculations, the electric field 

results in a decrease in the photodiode breakdown voltage and 

an increase in the photodiode current in the region so-called 

knee of the characteristics. For example, for the photodiode 

operating under normal conditions at the bias voltage of 140 V, 

after being excited by the electric field of 600 V/m, the reverse 

current would increase from about 40 mA to over 400 mA. 

Note, that such a strong increase in the photodiode current, apart 

from disrupting (oversaturation) the receiving path of a 

photoreceiver could even result in thermal damage of the 

photodiode. 

 

 

Fig. 4. Characteristics of the avalanche photodiode for different values 

of the intensity of the external electric field of the HPM signal 

Figures 5 and 6 show the influence of the external alternating 

magnetic field on the reverse characteristics of the avalanche 

photodiode. Figure 5 presents the calculation results for a 

constant value of the frequency of changes in the magnetic field 

equal to 3 GHz and two different values of the magnetic 

induction: 1 T and 2 T. The adapted values result from the 

conversion of the electric field strength of 300 V/m and 600 V/m 

into the value of the magnetic induction. In turn, Fig. 6 presents 

the results obtained for the constant induction value of 1 µT and 

various values of the frequency of changes in the magnetic field. 

As can be seen from Fig. 5, the influence of the magnetic 

induction on the reverse characteristics of the photodiode is 

comparable to the influence of the electric field intensity. On the 

other hand, the influence of the frequency of changes in the 

magnetic field on the reverse characteristics of the photodiode, 

especially for frequency 30 GHz and 50 GHz, is clear and results 

in a significant increase in the reverse current and the 

breakdown voltage of the photodiode. 

 

 

Fig. 5. Characteristics of the avalanche photodiode for different values  

of the magnetic induction of the HPM signal 

 

Fig. 6. Characteristics of the avalanche photodiode for different frequency 

values of changes in the magnetic induction of the HPM signal 

Figure 7 presents the simulation results obtained for different 

parameter values of simultaneous optical and microwave 

excitation of the avalanche photodiode. The values of these 

parameters are given in Fig. 7. As can be seen from this figure, 

even weak disrupting signals, both optical and HPM, from 

variant no. 1 can shift the characteristic of the photodiode, 

disrupting the operation of this element and thus disrupting the 

operating of the receiving path in the photoreceiver. In the case 

under consideration, the wavelength of the optical signal lies 

outside the infrared band, i.e. in the visible band. In turn, in the 

second variant of excitation, the parameters of the optical signal 

were changed compared to the first one. An optical signal with 

a power density ten times higher than in the first variant and a 

wavelength of 1100 nm causes an increase in the reverse current 

from about 6 mA to about 20 mA (for small reverse voltage 

values respectively). 

 

 
Fig. 7. Characteristics of the avalanche photodiode with the simultaneous 

influence of various sources of the electromagnetic field taking into account 
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In turn, increasing the values of parameters describing 

microwave disrupting excitation - variant no. 3, results in an 

additional increase in a reverse current and a reduction of the 

photodiode breakdown voltage by almost half. 

IV. SUMMARY 

The paper presents a model of the silicon avalanche 

photodiode, dedicated to the SPICE program, proposed by the 

authors. The model is based partially on analytical relationships 

describing the isothermal model of a semiconductor diode built 

into the SPICE program. The model allows for the assessment 

of the influence of the external directed electromagnetic fields 

on the constant current-voltage characteristics of the avalanche 

photodiode under the reverse biasing. As shown by the 

calculations, external disrupting optical radiation results in an 

excessive additional reverse current, but does not reduce the 

breakdown voltage of the photodiode. In turn, both the external 

electric field and the alternating magnetic field not only cause 

an increase in the reverse current of the photodiode, but also 

significantly reduce its voltage strength by reducing the 

breakdown voltage. The simultaneous combination of all the 

disrupting factors analyzed in the work related to the directed 

energy of the electromagnetic field more effectively changes the 

shape of the photodiode's operating characteristics, which is in 

particular shown by the variant no. 3 of photodiode excitation 

in Fig. 7. The presented photodiode model requires 

experimental verification in the next stage of research consisting 

in estimating the model parameters and comparison of the 

obtained simulation results with the results of measurement of 

the characteristics of a selected commercially available 

avalanche photodiode excited by the directed energy of the 

electromagnetic field. Moreover, the model can be developed to 

take into account the thermal, dynamic and noise properties of 

the avalanche photodiode. 
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