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ighly stable radio frequency
(RF) sources in the millimeterwave range are important
for many applications. One approach
uses impact ionization avalanche
transit-time (IMPATT) diodes for
high order multiplication of a lowfrequency reference signal. This
mode provides an output power level
of the N-harmonic component with
frequency f = N × F and Pout ~ 1/N,
[1, 2]. High-order IMPATT diodes
frequency multipliers are suitable as
continuous wave (CW) and pulse signal sources with high phase stability
and output power.
Theoretical analysis of IMPATT ▲ Figure 1. The multiplier’s equivalent RF circuit.
multipliers is based on idealized
schemes of the RF circuit and on a
numerical integration of an equation system radiopulsed frequency conversion on IMPATT
defining the physical processes in IMPATT diodes. Also described are methods for increasdiodes with a structure p+ – n – n+ loaded by a ing the multiplying efficiency by lengthening of
reference signal voltage U(t) = U0 + U1sin(Ωt). time of the RF amplification using low-frequenHowever, the frequency multiplication mecha- cy reference signals with a special waveform and
nism is not discussed in full measure. In the the design of an optimal RF circuit for multipliknown works, it is supposed that the high non- cation mode.
linearity of the IMPATT diode plays the main
role in high-order frequency multiplying [2]. The multiplier’s equivalent RF circuit
Methods that sharpen the current pulses passFigure 1 shows the multiplier’s equivalent
ing through the IMPATT diode increase the RF circuit. The following designations are
amplitude of the high-frequency harmonic.
assumed here:
This article will show that high-frequency
multiplication efficiency of IMPATT diodes is • Zd (ω, I0, Um) = Rd(ω, I0, Um) + jXd(ω, I0, Um)
caused first of all by amplification mechanisms
is the impedance of diode semiconductor
during the current pulse passing through the
structure;
diode and by phase synchronization of the har- • ω is the output operating frequency;
monics of the periodic current pulses sequence. • I0 is the diode bias current;
In fact, this method of multiplication is • Um is the RF signal amplitude;

H
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• Ck is the capacitance of the ceramic package
bushing;
• LP is the package bond wire inductance;
• RS is the equivalent resistance of the semiconductor structure’s heavily doped regions and parasitic resistance of the package;
• G1 is the characteristic admittance of the waveguide section in which the diode is mounted;
• G0 is the characteristic admittance of the output
waveguide;
• BL is the reactive admittance at the output of
multiplier’s section;
• Er is the source of reference signal with the frequency Ω = 2πF;
• E0 is the source of the direct current (DC) bias
diode current;
• Ri is the inner resistance of the DC bias current
source;
• Sp, SL are the lengths of waveguide lines from
diode to sliding piston and output multiplier’s
section, respectfully.
▲ Figure 2. The time dependences of reference signal U(t): black,
The equivalent circuit shown in Figure 1 accudiode current density J0(t): green, output power P(t): red, for rately models the waveguide-coaxial multiplier conmultiplication factor N = 19, output frequency fN = 35 GHz and struction.
sinusoidal reference signal U(t).
In the following calculations, the output frequency fN = 35 GHz. A Si IMPATT diode with p+
– p – n – n+ structure and optimum doping profile
for amplification mode in the frequency range 33 to
37 GHz is considered. The lengths of the p and n
layers are lp = ln = 1 µm, and the doping concentration in the p and n layers are Na = Nd = 3.1016
1/cm3. The impedance characteristics of this structure are defined for a wide range of voltage amplitudes (Um) and bias current densities (J0) [3].

Frequency multiplication dynamic characteristics
We first consider the multiplying characteristics
caused by the IMPATT diode nonlinearity, including the nonlinearity of an equivalent inductance of
the diode’s avalanche region Le ~ 1/J0.
Figure 2 shows the diode current density Jo(t)
versus time (green). This dependence is defined for
the optimal diode structure, presented above, to
which the voltage U(t) is applied with U0 = 30 V, U1
= 30 V, F = 1.75 GHz; with these values, the DC
density is J0 = 4, 97 kA/cm2. The current pulse
duration at 5 percent is τ1 ≈ 0, 7 (T/2). The reference signal U(t) is shown by the black curve in
Figure 2. The influence of an avalanche region
inductance is a current pulse delay and in the
smooth lows of current density.
A spectral expansion J0(n) of the periodical cur▲ Figure 3. The spectral expansion J0(n) of periodical current rent density pulses J0(t) is shown in Figure 3. For
density pulses J0(t) for multiplier with characteristics present- harmonic components with N = 19…21 at the freed in Figure 2.
quency region 35 GHz, a ratio of N-th harmonic
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amplitude JN to maximum value of current density
pulse Jm equals JN/Jm = 2 × 10–4… 1, 5 × 10–5. If
there is no avalanche region inductance (Le = 0),
the ratio JN/Jm = 0, 015 (i.e., much larger than for
the real IMPATT diode).
When current pulses I0(t) pass through the
diode, the dynamic conditions are non-stationary:
there are changes of RF voltage amplitude Um(t),
and impedance parameters of semiconductor structure Rd(ω, Um, I0), Xd (ω, Um, I0). The following
analysis assumes that interaction only takes place
with the N-harmonic component IN(t) = ImN
cos(NΩt) of current pulses because of the RF circuit
selectivity. The equivalent parallel resonant circuit
connected to points ab (Figure 1) at the frequency ω
= 2πNF presents a total equivalent reactance Xe =
ωLp – 1/ωCk + Xd(ω, Um, I0) + Xc and a total equivalent resistance Re = Rd(ω, Um, I0) + Rs + RL,
where Xc = reactance of external circuit and RL =
the load resistance recounted to the equivalent parallel resonant circuit.
With ω far from the avalanche resonant frequency, we approximate Xd = 1/ωCd, where Cd = equivalent capacitance of the semiconductor structure. ▲ Figure 4. The time dependences of reference signal U(t): black,
Dividing the current pulse width τI into time interdiode current density J0(t): green, output power P(t): red, for
vals ∆τIi of minimum duration and taking into
multiplier with N = 20, fN = 35 GHz and special waveform of
account that values I0i, Umi are constant during
low frequency periodical reference signal U(t).
these intervals, it is possible to calculate the time
dependence of the RF current and time dependence
of the output power PL(t) at frequency N × F. The
values Rd(ω, Um, I0), Xd(ω, Um, I0) are defined on
the basis of numerical calculations [3].
Numerical results for PL(t) for N = 19 and parameters Rs = 0, 3 Ω, RL = 2 Ω, Lp = 0, 16 nH are presented in Figure 2 (red curve); PLmax(t) = 2, 6 W
and PmL = 0.36 W = maximum RF power during
the current pulse and middle value of RF power,
respectively; the DC power consumption P0 = 6.7
W, the power consumption at the reference frequency P1 = 5.2 W. A considerable delay of the
power pulse P(t) with respect to the current pulse
I0(t) takes place, as shown in Figure 2. The amplification conditions arise at t1, when Re = 0 and I0(t)
= I0(t1).
With the current I0(t) increasing, the negative
diode resistance increases and the growth of RF
current amplitude during one period TN = T/19 is
defined as Imei/Imbi = exp[–δTN], δ = 0.5 Re/Lp; Imbi
and Imei = diode’s current amplitudes at the beginning and at the end of time interval ∆τi, respectively. At each interval ∆τi, the semiconductor structure
amplitude Umi = Zd(ω, Umi, I0i). Imi and the maximum voltage occurs at the current pulse end where
Re approaches zero. The power pulse duration τp = ▲ Figure 5. The spectral expansion J0(n) of periodical current
0.38(T/2) at 10 percent. The decreasing of |Rd| as
density pulses J0(t) for multiplier with characteristics presentUm increases, peculiar for IMPATT diode, stabilizes
ed in Figure 4.
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the output signal power over a considerable range of N.
For example, notice in Figure 2 that the diode current
amplitude does not change significantly for N = 18 to N
= 19.
The output power P(t) growth is restricted because of
the small current pulse duration. Changing the reference waveform to increase τi improves the energetic performances of the frequency multiplication. The reference signal of the optimal shape is a square-wave with a
pulse width equal to one half of the repetition interval T
= 1/F; the maximum reference signal amplitude is
defined by the permissible temperature conditions. To
realize this reference signal, we can introduce additional harmonic components.
Let us consider the reference signal: U(t) = U0 +
U1sinΩt + U3sin3Ωt + U5sin5Ωt, where U0 = 30 V, U1
= 30 V, U3 = 10 V, U5 = 6 V, F = 1, 75 GHz; the IMPATT
diode parameters are the same as in previous case and N
= 20. The dependencies U(t), I0(t), P(t) are presented in
Figure 4 (black, green and red, respectively). The spectral expansion I0(n) of current pulses is presented in
Figure 5. The approaching of U(t) to square-wave has
increased the diode current spectral components considerably; the current pulse duration is increased to τI =
0.9(T/2); the power pulse duration is increased to τp =
0.69(T/2); the maximum pulse power PLmax = 2.07 W,
the mean pulse power at the frequency 35 GHz PmL =
575 mW; the DC power P0 = 6 W, the total reference signal power P1 + P3 + P5 = 4.7 W.
Achieving high-efficiency frequency conversion
depends considerably on the choice of the load resistance
value RL. In calculations presented above, RL = 2Ω. This
value is below an optimal load resistance chosen for
achieving maximum power at the maximum value of a
diode current. RL = 2 Ω is optimal for frequency conversion because an increased RL would decrease the
time interval where Rd + Rs + RL < 0. Decreasing RL
further is restricted by the parasitic ohmic resistance Rs.
At a fixed output signal frequency, an increased multiplying coefficient N corresponds to the increased reference signal period T, and the equivalent time duration of
input signal amplification increases and the spectral
harmonic degradation is compensated. This ensures
that the output power slowly decreases with N in accordance with expression Pout ~1/N. This effect is not a
peculiarity of IMPATT multipliers and is characteristic
of other multiplier types.
The calculations presented here resulted in the
IMPATT diodes with optimal doping profile for freerunning and amplification modes. Experimentally, it can
be shown that the frequency multipliers with commercial oscillator IMPATT diodes ensure effective multiplication. The optimum diode for effective multiplication
with a structure of p+ – n – n+ has a doping density pro-
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file close to the profile of p – i – n diodes. The doping
density profile of multiplier diodes reduces the ohmic
resistance in the diode structure drift region when the
total voltage applied to the diode is less than the
avalanche breaking point. The multiplying diode doping
profile however must be fulfilled in such a way that negative resistance is not reduced considerably during the
diode current pulse width. In this article, the optimization of double drift IMPATT diode doping density profile
was not considered.

Conclusion
To increase IMPATT diode frequency multiplication
efficiency it is necessary to:
• Use square-wave reference voltage waveform;
• Choose the load resistance that is optimal for frequency conversion mode and that is less than an oscillator
diode;
• Fulfill the optimal doping density profile of diode
semiconductor structure so that the ohmic resistance
of the diode structure drift region (for voltage less
than breaking point) is minimal and without overly
reducing the negative resistance during the current
pulse.
■
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