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Abstract - An important circuit design parameter in a 
high-power p-i-n diode application is the selection of an 
appropriate applied dc reverse bias voltage.  Until now, 
this important circuit parameter has been chosen either 
conservatively, using the magnitude of the peak RF volt-
age, or by empirical trials to determine a possible lower 
value.  This paper explores the reverse bias requirement 
for a p-i-n diode operating in a high power microwave 
environment.  It demonstrates that the minimum reverse 
bias voltage is equivalent to the p-i-n diode’s self-
generated dc voltage under similar RF conditions.  A 
concise expression for this self-generated voltage is de-
veloped and experimentally verified and will assist the 
design engineer in more accurately selecting an appro-
priate minimum value for the applied reverse bias voltage 
setting. 
 

1.  Introduction 
A fundamental property of a p-i-n diode is its ability to 
control large radio frequency (RF) and microwave signals 
with much lower values of dc current and voltage.  While 
there are design rules for selecting a minimum level of 
forward current based on allowable ohmic loss and dis-
tortion requirements [1], [2], there are no existing design 
rules on which to base the selection of the minimum level 
of applied dc reverse bias voltage. 
 
The instantaneous voltage across the p-i-n diode (both 
RF and dc) must never exceed its avalanche breakdown 
voltage (VBR in Fig. 1(a)), where high reverse current 
densities may cause p-i-n diode failure.  Safe operation 
will result if the instantaneous voltage never forces the p-
i-n diode into forward conduction or into avalanche 
breakdown (Fig. 1(b)).  However, this requires that the 
applied dc voltage be at least equal to the peak RF volt-
age and that the breakdown voltage be at least twice the 
peak RF voltage (VRF).  In many applications, high ap-
plied reverse bias voltages are often not available or are 
too expensive to implement.  Frequently p-i-n diodes are 
operated in the so-called conditionally safe region, where 
an instantaneous excursion of voltage into the forward 
conducting region may be tolerated (Fig. 1c)).  If a dc 
reverse bias voltage in this region is chosen, circuit per-
formance parameters such as loss, distortion, and reli-
ability must not be compromised.   

It is conditionally safe region where most high-power 
(greater than 1 kW) p-i-n diode switches are designed to 
operate.  The applied dc reverse bias voltage must be 
large enough to prevent excessive conduction during the 
positive portion of the RF signal.  If excessive conduction 
does occur, the p-i-n diode loss will increase and the 
diode will be subject to failure. 
 
In absence of any theory or analytic design guidelines, 
the design engineer may choose a dc bias voltage equal 
to the peak RF voltage, resulting in extremely conserva-
tive and costly designs; more frequently, however the 
design is based on empirically matching a p-i-n diode to 
an available voltage.  This paper presents a guide for the 
p-i-n diode circuit designer, similar to the forward bias 
case, for selecting a minimum applied reverse bias volt-
age based on diode and circuit operating parameters. 
 
The investigation of the relationship of the reverse bias 
requirement was prompted by experimental observations 
of p-i-n diode distortion under zero applied bias open 
circuit conditions, using a test circuit of the type shown in 
Figure 2.  The 109 Ω resistor was inserted in the 
voltmeter line to increase the effective voltmeter internal 
resistance from its nominal 107 Ω value to better 
approximate an open circuit across the diode.  The 
voltage read was then approximately 1% of the diode 
voltage. 
 
A self-generated reverse bias dc voltage was developed 
across the p-i-n diode that allowed the diode to operate 
in its high-impedance state with good stability.  The 
magnitude of the self-generated dc voltage was 
influenced primarily by the peak RF voltage level, the 
frequency, and the thickness of the I-region.  Upon 
application of an equivalent externally applied dc bias, 
the distortion generated was identical to the self-
generated dc voltage.  However, when the applied dc 
voltage was lower than the self-generated voltage,  
unstable performance would occur, manifested by large 
increases in distortion signals and by heating of the p-i-n 
diode, which often led to device failure.  Published 
experimental results by other investigators [3] show 
similar device and circuit parameters that affect the 
degree of forward conduction in the p-i-n diode. 
 
An analysis of the p-i-n diode leading to a concise 
expression for the safe minimum operating dc reverse 
bias voltage is presented.  The expression indicated how 
the p-i-n diode I-region and circuit parameters such as 
frequency, duty factor, and peak RF voltage affect the 
magnitude of the minimum reverse bias voltage.  The 
derived expression is verified using experimental 
measurements of the developed open-circuit zero bias  
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Figure 1.  (a) Unsafe operating region, (b) safe operating region, and (c) conditionally safe  

operating region for the reverse-biased p-i-n diode. 
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voltage across a variety of p-i-n diode geometrics and 
circuit operating conditions.  An application example is 
also presented. 
 

2. Analysis 
In the presence of an applied RF or microwave signal, an 
ideal rectifier diode will instantaneously conduct when 
the RF voltage places the diode into its forward bias 
state.  In most applications where a reverse-biased p-i-n 
diode is used, forward conduction in the p-i-n diode can 
be unconditionally avoided if the diode is reversed biased 
such that the peak RF voltage swing remains between 
the device turn-on voltage (typically 0.7 V for silicon di-
odes) and the reverse bias breakdown voltage.  This 
requirement is the basis for conservative “worst case” p-
i-n diode dc reverse bias point, where lVDCl = lVRFl. 
 
In real circuit applications, however, the p-i-n diode does 
not show the same instantaneous turn-on time as the 
ideal rectifier diode.  Rather, the RF signal must be 
positive for a finite amount of time before the diode starts 
conducting in the forward direction.   This turn-on time is 
the time required for the I-region to fill with charge 
carriers (both holes and electrons from the heavily doped 
end regions) during the forward cycle of the applied RF 
signal.  Depending on the frequency, the peak RF 
voltage level (lVRFl), and the I-region thickness (W), the 
excursion into the forward direction of the RF signal may 
be too short to allow sufficient time for the carriers to 
completely traverse the I-region, hence preventing the p-
i-n diode from entering its conducting state [4]-[6].  The 
diode will then act as a lossy capacitor with its 
capacitance dependent on the I-region thickness and  

Figure 2.  Test set used for measurement of 
the self-generated dc voltage of p-i-n diodes 

p-i-n diode cross section.  In this case no externally ap-
plied dc reverse bias voltage is necessary to prevent 
forward conduction since the I-region stored charge is 
never established during the positive portion of the RF 
signal.  The conducting state of the p-i-n diode is there-
fore never achieved. 
 
Between these two limiting cases lies an operating re-
gion for the p-i-n diode where prevention of forward con-
duction of the diode may be achieved by reverse biasing 
the diode at a voltage less than the peak RF voltage.  
Experiments [7] have shown that the dc voltage devel-
oped by the p-i-n diode in its open-circuit, zero bias state 
is directly related to the dc reverse bias voltage needed 
to prevent significant forward conduction in the p-i-n di-
ode. 
 
The analysis of the developed open-circuit, zero bias 
voltage in p-i-n diodes is based on the existence of both 
conduction and displacement currents flowing through 
the p-i-n diode [8]: 
 
 
 
where J(t) is the total current density, n is the I-region 
carrier density (where the density of holes equals the 
density of electrons to simplify the analysis), q is the ele-
mental electronic charge, v is the drift velocity of the 
charge carriers (assuming equal hole and electron drift 
velocities), ε is the dielectric permittivity, and E is the 
electric field.  Assuming that the flux density D is uniform 
through the diode’s cross section (A) yields 
 
 
 
where Q is the sum of both the RF and dc components of 
the I-region stored charge and ρ is the total I-region 
charge density.  Substituting the results of (2) into (1) 
shows that the total current density, J(t), may be written 
as 
 
 
 
A p-i-n diode with I-region thickness W then, using (3) 
has a total diode current of 
 
 

where the I-region transit time, T, is defined as W/2v [8].  

If a time variation of the form e jwt for all quantities is 
assumed, the RF component of the total diode current 
may be written as 
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and the dc component of the total diode current may be 
written as 
 
 
The resistance (or conductance) of the p-i-n diode can 
be computed from the amount of stored charge in the I-
region [3].  The RF and dc voltages are determined from 
these resistances and the corresponding currents: 

where μ is the mobility (again, assuming equal hole and 
electron mobility values for simplicity).  The magnitude of 
the ratio of these two voltages may be written using [7] 
and the definition for the transit time as 
 
 
 
 
 
The transit time, T, is a function of the carrier drift 
velocity, v, and, in turn, a function of the electric field.  In 
semiconductors such as silicon, the carrier velocity 
increases approximately linearly with applied electric field  
for only relatively low values of electric field (Fig. 1).  At 
higher electric field values, the interaction of the charge 
carriers with the semiconductor lattice atoms serves to 
limit the velocity of the carriers to a value termed the 
saturation velocity, vsat .  This velocity varies with carrier 
type, semiconductor material, and temperature, but is 
approximately 107 cm/s for electrons in silicon at 290 K 
[9].  An approximation of the electric field dependence on 
velocity which includes the effects of velocity saturation 
may be written as [10] 
 
 
 
 
 
 
 
where the term μ is the low-field carrier mobility. 
 
The p-i-n diode is often used in high-pulsed-power 
applications and is able to handle kilowatts of power 
operating in this mode.  The rms value of the electric field  
under these conditions is needed to estimate the carrier 
drift velocity (9) and may be computed assuming a half-
wave-recitified pulsed RF waveform where the carrier 
frequency ( f ) is much larger than the inverse of either 
the pulse period (TP) or the pulse duration (TD). 

Assuming that the electronic field across the I-region of 
the p-i-n diode may be approximated by E = VRF / W, 
then the rms value of the electric field, E, may be calcu-
lated as 
 
 
 
 
where D = TD / TP  is the RF pulse duty cycle.  The dc 
voltage developed across the p-i-n diode may be written 
using (8), (9), and (10) as  

 
Equation (11) may be simplified if one assumes a carrier 
mobility of μ = 0.15 cm2 / V-s and the previously men-
tioned value of vsat:  

 
A further simplification may be used on (12) if the applied 
RF voltage is low enough so that velocity saturation does 
not occur: 

At low frequency and/or for diodes with thin I-regions, the 
developed dc voltage, lVdcl, approaches the peak RF 
voltage, approximating the ideal behavior of a pn junction 
diode.  For higher frequencies or thicker I-regions, how-
ever, the dc voltage developed decreases as 1/ f for a 
given RF voltage.  The developed dc voltage will then 
decrease by increasing the I-region thickness.  Increas-
ing the I-region effectively increases the transit time pro-
portionally since at high RF voltages the carrier velocity 
is limited to its saturation value, vsat.  Fig. 3 illustrates the 
dependence of the ratio lVDCl / lVRFl on the rms 
value of the applied RF electric field (E = 0.475 lVRFl 
/ W) with the factor fW 2  / D1/2  as a parameter.  A 
significant reduction in the developed dc voltage is 
indicated for low peak RF electric fields (low applied 
lVRFl), high-frequency operation, large I-region widths 
( W ), and short duty cycles.  At large RF voltages, the dc 
voltage developed approches the limiting factor. 

D
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3. Experimental Results 
Experimental measurements of the dc self-generated 
voltage were performed using a test set similar to that 
shown in Figure 2.  This test set simulates the isolating 
arm (reverse bias p-i-n diode) of a SP2T p-i-n diode in 
each arm.  Measurements were made at power levels up 
to 100 W at frequencies from 1 to 60 MHz and duty fac-
tors from 0.07 to 1.0.  The p-i-n diode specimens se-
lected had I-region widths ranging from 50 to 200 μm and 
encompassed various cross sections and carrier lifetime 
values.  Figure 4 graphically illustrated a comparison 
between experimental measurements of the ratio of the 
peak RF voltage to self-generated dc voltage (lVRFl / 
lVDCl) and the expression for the ratio indicated by (12). 

Figure 3.  Graph of the magnitude of the 
self-generated dc voltage vs. the magni-
tude of the peak RF voltage with the term 

Figure 4.  Comparison of measured and 
theoretical values of the ratio lVacl / lVdcl. 

A significant experimental observation indicated that the 
p-i-n diode may be operated at high RF power without 
applying any external dc bias.  The p-i-n diode here is 
operating in a zero bias open-circuit mode where the 
self-generated voltage becomes the reverse bias.  To 
operate in the open-circuit mode, any external resistance 
across the diode must be very high, generally higher 
than 108 Ω.  Typical levels of harmonic distortion in this 
mode were approximately 20 dB below the carrier. 
 
Upon application of an external dc reverse bias at 
identical values of the self-generated dc voltage, the 
distortion measured was identical.  When the applied dc 
reverse bias was increased slightly, often as little as 10 V 
higher than the self-generated voltage, the distortion 
improved significantly, by as much as 60 dB below 
carrier.  If the applied reverse voltage was lower than the 
self-generated dc voltage, the distortion would degrade 
and the loss would increase, often leading to p-i-n diode 
failure.  The dependence of reverse bias distortion on 
increasing reverse bias is consistant with observations 
and experiments previously reported by the authors [11].  
It was also observed that the time it took the self-
generated voltage to reach its final value was virtually 
instantaneous upon the initial application of RF power.  
However, when the RF power was changed, there 
appeared a time lag of as much as several seconds until 
the self-generated dc voltage stabilized and reached its 
new final value. 

Figure 5.  Calculated generated dc reverse 
bias voltage vs. I-region thickness and duty 

cycle for a 1 kW signal at 1 GHz 

as a parameter 
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4. Applications Example 
As a result of this study, the designer may now analyti-
cally determine the minimum dc reverse bias require-
ment for a p-i-n diode in a high-power RF environment.  
It also affirms that the value of the dc voltage may be 
significantly lower than the peak RF voltage.  The follow-
ing example will illustrate this.  Consider a p-i-n diode 
operating as a switch element at 1 GHz with a 1 kW sig-
nal (lVRFl = 316.2 V across 50 Ω ).  Figure 5 shows the 
calculated value (using (12)) of the generated reverse 
bias voltage as a function of I-region thickness and RF 
duty cycle.  For p-i-n diodes with I-region thickness less 
than approximately 1 mil (25 μM), an external dc reverse 
bias equal to the peak RF voltage is required, regardless 
of duty cycle.  This reverse bias requirement is relaxed, 
however, for thicker p-i-n diodes and low RF duty cycles 
(D) so that 10 mil (250 μM) diode requires at most 35 V 
reverse bias to keep within the conditionally safe reverse 
bias region under any duty cycle.  The figure shows that, 
in general, p-i-n diodes with thicker I-regions require 
lower dc reverse voltages and would therefore appear 
preferable to thinner diodes.  It should be noted, 
however, that thicker p-i-n diodes may also have higher 
forward resistance and will switch as a slower speed. 

 
5. Conclusions 
In many situations, the design engineer is unsure of the 
exact RF voltage stress on the p-i-n diode or its I-region 
width.  The experimental method described in this paper 
may also be used to measure the self-generated dc volt-
age.  This value may then be considered as the minimum 
applied reverse bias voltage that will bias the diode in the 
“conditionally safe” region.  In many situations the dc 
voltage established must be able to support RF signals 
where the SWR of the load termination may increase to a 
large value.  Under this situation, the RF voltage will be 
double that of a perfectly matched circuit.  In applying 
(12) or (13) the inserted value of RF voltage must reflect 
the peak value at maximum voltage stress. 
 
Another benefit of biasing a p-i-n diode in the condition-
ally safe region may be used in the screening of devices.  
Depending on the desired application, the devices may 
be screened at a voltage level significantly below the 
avalanche breakdown voltage, increasing the reliability 
and lowering the cost of p-i-n diodes. 
 
It would be a valuable contribution if a circuit technique 
could be devised that would make it possible by applying 
only a small incremental dc reverse voltage to the self-
generated voltage, to obtain distortion performance simi-
lar to that obtained when applying the full dc reverse 
voltage.  This would significantly simplify the design and 
lower the cost of the higher voltage p-i-n diode drivers 
now being used in higher power switches and phase 
shifters. 

Acknowledgment 
The authors wish to thank the Department of Electronic 
and Electrical Engineering and the Microwave Solid-
State Group of the University of Leeds, Leeds, U.K., for 
their assistance during the preparation of this manu-
script. 
 

References 
[1] G. Hiller, “Design with PIN diodes,” RF Design, vol. 

2, no.2, Mar./Apr. 1979. 
[2] R. Caverly and G. Hiller, “Distortion in p-i-n diode 

control circuits,” IEEE Trans. Microwave Theory 
Tech., vol. MTT-35, pp.492-501, May 1987. 

[3] M. Caulton, A. Rosen, P. Stabile, and A. Gombar, 
“p-i-n diodes for low-frequency, high power switching 
applications,” IEEE Trans. Microwave Theory Tech., 
vol. MTT-30, pp. 876-881, June 1982. 

[4] A. Ward, “Calculations of second breakdown in sili-
con diodes,” Harry Diamond Laboratories Tech. Rpt.  
HDL-TR-1978, Aug. 1982. 

[5] A. Ward, “Calculations of high-current characteristics 
of silicon diodes at microwave frequencies,” Harry 
Diamond Lab. Tech. Rpt. HDL-TR-2057, Oct. 1984. 

[6] A. Ward, J. Deppe, and R. Garver, “Spike leakage, 
limiting and rectification in silicon PIN diodes,” pre-
sented at High Power Microwave Tech. for Defense 
Appl. Conf., Dec. 1986. 

[7] G. Hiller and R. Caverly, “The reverse bias require-
ment for PIN diodes in high power switches and 
phase shifters,” in 1990 IEEE MTT-S Int. Microwave 
Symp. Dig., May 1990. 

[8] G. Lucovsky, R. Schwarz, and R. Emmons, “Transit 
time considerations in p-i-n diodes,” J. Appl. Phys., 
vol. 35, no. 3, pt. 1, p.622, Mar. 1964. 

[9] S. M. Sze, Physics of Semiconductor Devices.  New 
York: Wiley-Interscience, 1981. 

[10] S. Wang, Fundamentals of Semiconductor Theory 
and Device Physics. Englewood Cliffs, NJ: Prentice 
Hall, 1989. 

[11] R. Caverly and G. Hiller, “Distortion in Microwave 
and RF switches by reverse biased PIN diode,” in 
1989 IEEE MTT-S Int. Microwave Symp. Dis., June 
1989, pp.1073-1076. 


