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Abstract. In this paper large-signal modeling and simula-
tion has been carried to study the frequency chirping due 
to temperature transients and the large-signal power and 
efficiency of pulsed silicon Double-Drift Region (DDR) 
Impact Avalanche Transit Time (IMPATT) device operating 
at 94 GHz. A large-signal simulation method based on 
non-sinusoidal voltage excitation incorporating the tran-
sient thermal effect has been developed by the authors. 
Results show that the device is capable of delivering a peak 
pulsed power output of 17.5 W with 12.8% efficiency when 
the voltage modulation is 60%. The maximum junction 
temperature rise is 350.2 K for a peak pulsed bias current 
of 6.79 A with 100 ns pulsewidth and 0.5 percent duty cy-
cle; whereas the chirp bandwidth is 8.3 GHz. 
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1. Introduction 
Impact Avalanche Transit Time (IMPATT) devices 

are the most efficient solid-state source to deliver signifi-
cantly high power at millimeter-wave frequencies [1]-[3]. 
Most of the current research activities for mm-wave sys-
tems are concentrated on window frequencies, i.e. 35, 94, 
140, 220 GHz where atmospheric attenuation is relatively 
low. Small-signal analysis and simulation methodologies of 
IMPATT devices reported so far [4]-[6] provide consider-
able insight into the high frequency properties of the oscil-
lator. But several important properties of the device such as 
dependence of RF power output, DC to RF conversion 
efficiency and frequency tuning on the structural and dop-
ing parameters, bias current and RF circuitry cannot be 
precisely obtained from small-signal analysis. Large-signal 
modeling and simulation of the device on the other hand 
can provide accurate information regarding the same. 

Evans et al. [7] in 1968 presented a large-signal model of 
Read-type (p-n-υ-n) IMPATT oscillator from which they 
obtained RF power output and efficiency of the oscillator 
from a closed-form solution of nonlinear equations. They 
assumed that the transit time of the charge carriers through 
the drift region is much shorter than the period of RF 
oscillation in order to obtain the close-form solution of 
device equations. Pioneering work on large-signal analysis 
of Read-type silicon IMPATT oscillator was carried out by 
Scharfetter et al. in 1969 [8]. They presented a self-con-
sistent numerical solution of the device equations describ-
ing carrier transport, carrier generation and space-charge 
balance subject to appropriate boundary conditions and 
obtained the large-signal admittance and efficiency of 
silicon Read-type IMPATT diode. Gupta et al. [9] in 1973 
followed a current-excited method for large-signal analysis 
of the device with a circuit representation. They assumed 
a sinusoidal current flowing through the device and ob-
tained the corresponding voltage response to calculate the 
device impedance. In this paper the authors have developed 
a large-signal simulation method based on non-sinusoidal 
voltage excitation [10]-[11] incorporating the transient 
thermal effect to study the frequency chirping due to tem-
perature transients and the large-signal power and effi-
ciency of pulsed Silicon DDR IMPATT device operating at 
94 GHz. 

The performance and reliability of IMPATT devices 
is strongly dependent on the junction temperature of the 
device and the actual rise of junction temperature in both 
CW and pulsed mode of operation must be limited to 
a value much below the burn out temperature.  Small-
signal simulation method based on Gummel-Blue approach 
[12] was reported in [13]-[19] to study the millimeter-wave 
performance of CW DDR Si IMPATT device operating at 
94 GHz. In this paper the authors carried out large-signal 
simulation by using a transient thermal model of the pulsed 
Si DDR IMPATT device with type-IIA diamond heat sink 
to study the variation of junction temperature with the 
pulse-width (50 – 200 ns) and duty cycle (0.25 – 1.0%) of 
bias current pulse for a fixed repetition rate (50 kHz). The 
large-signal properties and performance of the device are 



RADIOENGINEERING, VOL. 21, NO. 4, DECEMBER 2012 1219 

found to be very much sensitive to junction temperature 
under pulsed operation. The peak junction temperature is 
obtained from the transient thermal analysis [20] by incor-
porating the temperature dependent material parameters of 
silicon into the large-signal simulation program. The large-
signal power and efficiency of the device are also obtained 
from this study. RF voltage modulation is varied from 5 to 
70% to study the dependence of large-signal power and 
efficiency of the device. The authors have also studied in 
this paper the frequency chirping effect due to variation of 
junction temperature and chirping bandwidth for pulsed 
operation of the device. 

2. Large-Signal Modeling and 
Simulation Technique 
One-dimensional model of reverse biased n+-n-p-p+ 

structure shown in Fig. 1 is used for the large-signal simu-
lation of DDR IMPATT device since the physical phenom-
ena take place in the semiconductor bulk along the sym-
metry axis of the mesa structure of IMPATT devices. The 
fundamental time and space dependent device equations 
i.e., Poison’s equation (1), continuity equations (2), (3) and 
current density equations (4), (5) involving mobile space 
charge in the depletion layer are simultaneously solved 
under large-signal condition with appropriate boundary 
conditions by using a double-iterative field maximum 
simulation method. The fundamental device equations are 
given by: 
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where ND and NA are the donor and acceptor concentrations 
respectively, p(x,t) and n(x,t) are respectively the electron 
and hole concentrations at the space point x at the instant t, 
ξ(x,t) is the electric field at x at the instant t, Jn(x,t) and 
Jp(x,t) are respectively the electron and hole components of 
bias current density (J0(t) = Jn(x,t) + Jp(x,t)) at x at the 
instant t, q is the electric charge of an electron (q =  
1.6×10-19 C) and εs is the permittivity of the semiconductor 
material. In the above mentioned simulation method, the 
computation starts from the field maximum near the 
metallurgical junction. Boundary conditions are imposed at 
the contacts (i.e., n+-n and p+-p interfaces) by setting up  
appropriate restrictions in equations (1) – (5). The bound-
ary conditions for the electric field at the depletion layer 
edges are given by: 
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Similarly the boundary conditions for normalized current 
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where Mn(x2,t)  and Mp(-x1,t) are the electron and hole 
multiplication factors at the depletion layer edges are given 
by: 
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Fig. 1. One-dimensional model of DDR IMPATT device. 

Time varying diode voltage (VB(t)) and avalanche 
zone voltage drop (VA(t)) are obtained from numerical 
integration of the field profile at a particular instant of time 
t over the depletion layer and avalanche layer widths re-
spectively as follows: 
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DC values of the peak electric field (ξp), breakdown 
voltage (VB) and avalanche zone voltage (VA) drop can be 
evaluated by taking the time averages of time varying peak 
electric field (ξp(t)), breakdown voltage (VB(t)) and ava-
lanche zone voltage (VA(t)) over a complete time period of 
steady-state oscillation (T = 1/f; where f is the fundamental 
frequency of steady-state oscillation). Thus the DC values 
of the peak electric field (ξp), breakdown voltage (VB) and 
avalanche zone voltage (VA) are given by: 
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The large-signal simulation is carried out by consid-
ering the IMPATT device as a non-sinusoidal voltage 
driven source, shown in Fig. 2. The input AC voltage is 
taken as: 
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The bias voltage is applied through a coupling capacitor 
(C) to study the performance of the device at a given fun-
damental frequency (f = ω/2π) with its n harmonics. The 
snap-shots of electric field and current density profiles in 
the depletion layer of  IMPATT device are obtained from 
the simultaneous numerical solution of the basic device 
equations (1) – (5) subject to appropriate boundary condi-
tions (6), (7). The large-signal simulation is carried out by 
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taking 500 space steps and 100 - 150 time steps with suffi-
cient accuracy.  

 
Fig. 2. Voltage driven IMPATT diode oscillator and associ-

ated circuit. 

The large-signal program is run until the limit of one 
complete cycle (i.e. 0 ≤ ωt ≤ 2π) is reached. A pulsed cur-
rent source provides the necessary bias current density. The 
RF voltage amplitude is VRF and operating frequency is f. 
The waveforms associated with terminal current and volt-
age during a complete cycle of oscillation are Fourier ana-
lyzed to study the high frequency characteristics of the 
device at various instants of time (ωt = 0, π/2, π, 3π/2, 2π). 
The simulation is repeated at consecutive cycles to confirm 
the stability of oscillation. The simulated values of large-
signal negative conductance (G(ω)), susceptance (B(ω)), 
negative resistance (ZR(ω)), reactance (ZX(ω)) and Q-factor 
(Qp = -Bp/Gp), where Gp and Bp are the large signal peak 
negative conductance and susceptance at optimum fre-
quency (fp)) respectively are obtained from this study. The 
large-signal values of negative conductance (G(ω)) and 
susceptance (B(ω)) (both are normalized by device junc-
tion area Aj: considering circular cross sectional area of the 
device, Aj = π(Dj /2)2;.where Dj is the device effective 
junction diameter) are their effective values at the funda-
mental frequency of the voltage source, obtained by de-
tailed Fourier analysis of the terminal current and voltage 
waveforms. The large-signal device admittance is  
YD(ω) = [G(ω) + j B(ω)]Aj. The large-signal device impe-
dance is given by: 
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The large-signal negative resistance (ZR(ω)) and 
reactance (ZX(ω)) of the device are given by: 
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The RF power output is calculated from the following 
expression: 

 jpRFRF AGVP 2

2
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where VRF is the RF voltage, |Gp| is the magnitude of peak 
negative conductance normalized by device effective junc-
tion area (Aj). The large-signal DC to RF conversion effi-
ciency (ηL) of IMPATT diode is given by: 
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where PDC = J0VBAj is the input DC power and J0 is the 
amplitude of the pulsed bias current density. 

3. Results and Discussion 
The structural (active layer widths (Wn, Wp)) and 

doping (n- and p-layer doping concentrations (ND, NA), n+- 
and p+-layer doping concentrations (Nn+, Np+)) of the de-
vice and amplitude of pulsed bias current density (J0) are 
varied to optimize the large-signal power and efficiency. 
The optimized doping and structural parameters as well as 
the magnitude of peak pulsed bias current density (J0) are 
given in Tab. 1. The realistic field and temperature de-
pendent ionization rates (αn, αp) and drift velocities (vn, vp) 
of Si and other material parameters such as bandgap (Eg), 
intrinsic carrier concentration (ni), effective density of 
states of conduction and valance bands (Nc, Nv), diffusion 
coefficients (Dn., Dp), mobilities (μn, μp), diffusion lengths 
(Ln, Lp) of charge carriers and permittivity (εs) are taken 
from published experimental data [21]-[24].  
 

J0  
(×108 A m-2)

Wn 
(μm) 

Wp 
(μm) 

ND  
(×1023 m-3) 

NA  
(×1023 m-3) 

Nn+, Np+ 
(×1026 m-3) 

6.00 0.435 0.415 1.100 1.150 1.000 

Tab. 1.  Design parameters. 

3.1 Static Properties 

The important static parameters of the device such as 
peak electric field (ξp), breakdown voltage (VB), avalanche 
voltage (VA), ratio of drift layer voltage to breakdown volt-
age (VD/VB), avalanche layer width (xA), ratio of avalanche 
layer width to total drift layer width (xA/W) of pulsed DDR 
Si IMPATT device designed at 94 GHz are obtained from 
the output of DC simulation program at different junction 
temperatures (Tj) for mx = 0. These parameters are given in 
Tab. 2. The variations of peak electric field (ξp), break-
down voltage (VB), avalanche voltage (VA) with junction 
temperature (Tj) are shown in Fig. 3. It is observed from 
Fig. 3 that the ξp, VB, and VA increase with the junction 
temperature (Tj). The increase of breakdown voltage with 
junction temperature is more appreciable than that of ava-
lanche voltage. Thus with the increase of junction tem-
perature (Tj) the ratio of drift zone voltage to breakdown 
voltage (VD/VB; where VD = VB – VA) remains almost con-
stant. The ratio VD/VB attains a maximum value of 32.53% 
at a junction temperature of 500 K. Tab. 2 shows that the 
avalanche zone width (xA) expands from 0.300 to 0.350 μm 
and the ratio of avalanche zone to depletion layer width 
(xA/W; where W = Wn + Wp) increases from 35.29% to 
41.88% as the junction temperature (Tj) rises from 300 K 
to 500 K. 
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JUNCTION TEMPERATURE (Tj) DC 
PARAMETERS 

 
300 K 350 K 400 K 450 K 500 K 

ξp (×107 V m-1) 5.2868 5.4618 5.6368 5.8118 5.9868 
VB (V) 18.22 19.64 21.13 22.68 24.31 
VA (V) 12.29 13.31 14.26 15.37 16.40 

VD / VB (%) 32.51 32.26 32.49 32.26 32.53 
xA (μm) 0.300 0.314 0.328 0.344 0.356 

xA/W (%) 35.29 36.94 38.58 40.47 41.88 

Tab. 2.  Static parameters. 

 
Fig. 3. Variations of peak electric field, breakdown voltage 

and avalanche zone voltage with junction temperature. 

3.2 Large-Signal Properties 

Fig. 4 shows the diode voltage (VB(t)) and particle 
current (I0(t) = J0(t)×Aj) waveforms at 350 K for two con-
secutive cycles of steady-state oscillation taking 60% volt-
age modulation. Both the waveforms are observed to be 
non-sinusoidal. The average values of diode voltage and 
particle current are found to be 19.64 V and 6.79 A re-
spectively. Further it is observed from Fig. 4 that the phase 
shift between the diode voltage and particle current is 
nearly 1800, an essential condition for realizing maximum 
negative resistance and power from the device. 

 
Fig. 4.  Diode voltage and particle current waveforms at 350 K 

for two consecutive cycles of steady-state oscillation 
taking 60% voltage modulation. 

The large signal snap-shots of electric field at quarter cycle 
intervals of steady-state oscillation are shown in Fig. 5 (a) 
through (e) for 60% voltage modulation and at different 
junction temperatures. The magnitude of peak field at the 
junction attains a maximum value when the phase angle is 

ωt = π/2 and Tj is 500 K as seen from Fig. 5 (b). It is 
interesting to observe that the magnitude of peak field 
decreases with the decrease of junction temperature 
(Fig. 5 (a) – (e)). Fig. 5 (b) shows appreciable field 
distortion in the electron drift layer (n-side) as compared to 
that in the hole drift layer (p-side). This may be explained 
from the fact that electrons have higher ionization rate than 
holes in silicon for the entire field range of interest. The 
higher ionization rate of electrons leads to increased 
generation of electrons compared to that of holes and 
therefore the mobile carrier (electron) density is higher on 
n-side than that (hole) density on p-side. It is reported in 
[25]-[26] that when mobile charge density increases to 
a very high value approaching the immobile charge density 
[25]-[26], the nonlinear distortion of electric field occurs. 
The electric field snap-shot shows more nonlinearity and 
distortion at higher temperature i.e. 500 K than at lower 
temperature i.e. 300 K as seen from Fig. 5 (b). The electric 
field being lower at lower junction temperatures, the ioni-
zation rate is also lower and so the electron generation rate 
is lower on the n-side. Under this situation mobile carrier 
density at lower junction temperature is not high enough to 
cause the distortion in the electric field profile. 

Electric field snap-shots show depletion width 
modulation at large-signal level as shown in Fig. 5 (a) to 
(e). This modulation changes at different phase angles as 
well as at different junction temperatures. Also the deple-
tion width modulation is different for electron and hole 
drift layers. Higher depletion width modulation suggests 
higher punch through factor. Maximum modulation occurs 
at the phase angle of ωt = π/2 at all junction temperatures 
under consideration. Also the depletion width modulation 
increases with the increase of junction temperature at all 
phase angles (ωt = 0, π/2, π, 3π/2, 2π). 

Variations of peak negative conductance (Gp) and 
susceptance (Bp) with RF voltage are shown in Fig. 6 at 
different junction temperatures by considering the voltage 
modulation factor (mx) in the range of 5 to 70%. The magni 
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Fig. 5. Large signal electric field snap-shots at each quarter 

cycle of steady-state oscillation (a) ω = 0, (b) ω = π/2, 
(c) ω = π, (d) ω = 3π/2 and (e) ω = 2π for different 
junction temperatures (voltage modulation is 60%). 

tude of Gp (|Gp|) decreases with the increase of RF voltage 
at a particular junction temperature. It also decreases with 
the increase of junction temperature at a particular voltage 
modulation factor (mx). The magnitude of |Bp| also de-
creases with the increase of RF voltage at a particular 
junction temperature and with the increase of junction 
temperature at a particular voltage modulation factor (mx). 
Fig. 7 shows the variations of optimum frequency (fp) for 
peak negative conductance (Gp), peak pulsed power output 
(PRF) and large-signal DC to RF conversion efficiency (ηL) 
with RF voltage at different junction temperatures. The 
optimum frequency (fp) of the device decreases with the 
increase of RF voltage at a particular junction temperature. 
The variations of peak pulsed power output (PRF) and 
large-signal DC to RF conversion efficiency (ηL) with RF 
voltage at different junction temperatures are shown in 
Fig. 7. The junction area of the device (Aj) for pulsed op-
eration is taken to be 1.131×10-8 m-2 by considering a cir-
cular cross-section of the device with junction diameter 
(Dj) of 120 μm [27]. It is interesting to observe from Fig. 7 
that the RF power output increases sharply with the in-
crease of voltage modulation (mx) upto 60%, after which it 
decreases slowly. When the voltage modulation exceeds 
65% the RF power output falls sharply with the increase of 
voltage modulation factor. This sharp fall of RF power 
output is due to sharp decrease in the magnitude of Gp for 
voltage modulation exceeding 65%. The variation of large-
signal efficiency with RF voltage follows a similar nature 
as that of PRF. The simulation results clearly indicate that 
the voltage modulation should be kept below 65% to real-
ize optimum performance from pulsed DDR Si IMPATTs 
as regards high power with high conversion efficiency. 

The large-signal admittance characteristics of the 
device are obtained at different junction temperatures for 
a voltage modulation of 60% and plotted in Fig. 8. The op- 
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Fig. 6.  Variations of peak negative conductance and peak 

susceptance with RF voltage at different junction 
temperatures. 

 
Fig. 7. Variations of peak optimum frequency, large-signal 

DC to RF conversion efficiency and pulsed power 
output with RF voltage at different junction 
temperatures. 

timum frequency (fp) for peak negative conductance de-
creases from 102.5 to 76 GHz when the junction tempera-
ture increases from 300 to 500 K. The optimum frequency 
is exactly equal to the design window frequency at a junc-
tion temperature of 350 K. The Q-factor of the device 
decreases slightly from 2.31 to 2.12 when the junction 
temperature increases from 300 to 500 K. The Q-factor 
corresponding to the peak junction temperature of 350.2 K, 
determined from transient thermal analysis is found to be 
2.20. The lower the value of Q-factor being close to unity, 
the better is the device performance. 

 
Fig. 8.  Admittance characteristics (10 – 200 GHz) of pulsed 

DDR Si IMPATTs at different junction temperatures 
(taking 60% voltage modulation). 

3.3 Results of Transient Thermal Analysis 
and Frequency Chirping 

Type-IIA diamond heat sink having diameter (DH) of 
5.0 mm and thickness (LH) of 2.0 mm is considered for the 
transient thermal analysis of 94 GHz pulsed Si DDR 
IMPATT device. Step function is used to represent the 
input bias current pulse (pulsewidths, Ton = 50, 100, 150 
and 200 ns, duty cycle, d = 0.25, 0.50, 0.75, 1.00% and 
repetition rate, fPulse = 50 kHz). The pulsed bias current 
density may be expressed as: 

       





0
0

i
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where J0 is the optimum amplitude of the pulsed bias 
current density. The unit step function is defined as: 

  1Ttu         for         Tt   

  0Ttu   for   Tt        (17) 

The program for transient thermal model developed 
by the authors is used to compute the junction temperature 
transients for different bias current pulsewidths with 
a fixed repetition rate. Fig. 9 shows the junction tempera-
ture transients of the device mounted on type-IIA diamond 
heat sink. It is observed from Fig. 9 that, the junction tem-
perature of the device gradually increases from the ambient 
temperature (Ta = 300 K) during the on-time of the applied 
current pulse and reaches the maximum temperature at the 
end of the on time (Tmax = 350.2 K at Ton = 100 ns). Again 
the junction temperature decays gradually during the off-
period of the applied current pulse (t >  Ton) and falls to 
ambient temperature before completion of the full cycle (t 
= TPulse = Ton + Toff = 20 μs). As expected the peak opti-
mum frequency changes due to temperature transient dur-
ing on-time and off-time of the bias current pulse. This is 
known as frequency chirping effect due to variation of 
junction temperature.  

 
Fig. 9. Temperature transients for 60% voltage modulation. 

Fig. 10 shows the time variation of fp(Tj) of 94 GHz 
pulsed Si DDR IMPATT with semi-infinite type-IIA dia-
mond heat sink. Fig. 11 shows the variations of chirp 
bandwidth (BWc = fp(Ta) – fp(Tmax)) with pulsewidth. The  
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chirp bandwidth (BWc) increases almost linearly with the 
bias current pulsewidth. Usually the W-band (75 – 
110 GHz) pulsed Si DDR IMPATTs are operated with bias 
current pulse of 100 ns pulsewidth and 0.5% duty cycle 
[27]-[28]. The thermal analysis presented in this paper 
shows that the maximum junction temperature rise is 
350.2 K for a peak pulsed bias current of 6.79 A with 
100 ns pulsewidth and 0.5% duty cycle; whereas the chirp 
bandwidth is 8.3 GHz. After repetitive run of large-signal 
program with transient thermal model, the peak value of 
junction temperature at the end of the on time (Ton = 
100 ns) of the applied bias current pulse is found to be 
350.2 K. 

 
Fig. 10. Time variation of peak optimum frequency for 60% 

voltage modulation. 

 
Fig. 11. Variation of chirping bandwidth with pulsewidth. 

3.4 Comparison with Experimental Results 

Chang et al. [27] in 1979 fabricated  94 GHz DDR Si 
IMPATT diode and measured the power output by biasing 
the diode with pulsed current of 100 ns pulsewidth and 
0.5% duty cycle. They obtained a peak pulsed power of 13 
to 15 W from the IMPATT source. The large-signal simu-
lation of 94 GHz DDR Si IMPATT presented in this paper 
shows that the device delivers a power of 17.5 W with 
12.8% DC to RF conversion efficiency at 60% voltage 
modulation when it is driven by a pulsed bias current of 
6.79 A with 100 ns pulse width, 0.5% duty cycle  and 
50 kHz repetition rate. So the large signal simulation re-
sults presented in this paper are in close agreement with the 
experimental report by Chang et al. [27]. 

4. Conclusion 
In this paper the large-signal properties of 94 GHz 

pulsed Si DDR IMPATT device due to temperature tran-
sient effect and consequent frequency chirping phenome-
non has been studied. A transient thermal model and 
a large-signal simulation method based on non-sinusoidal 
voltage excitation have been developed by the authors to 
study the effect temperature transients on the large-signal 
characteristics and frequency chirping in pulsed Si DDR 
IMPATTs. The simulation results presented in this paper 
show that the device can deliver a peak pulsed power out-
put of 17.5 W with 12.8% DC to RF conversion efficiency 
which are in close agreement with experimental reports for 
pulsed Si DDR IMPATT source. 
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