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ABSTRACT

The limitations and control of pulsed IMPATT diode
millimeter-wavelength oscillators are described. A quasi-static
oscillator model is established for characterizing amplitude and

frequency behavior during pulsed operation in response to external
influences such as bias current, temperature, optical injection,
locking signal injection and RF circuit. The effect of these
external parameters in oscillator turn-on, turn-off, frequency
chirp during the pulse, and start-up jitter are given for a
millimeter-wavelength oscillator using a Si double-drift diode.
Methods of controlling the pulsed behavior including bias current
compensation, optical compensation and injection locking are
analyzed and applied to a pulsed millimeter-wave oscillator example.
The optimum bias current and optical current waveforms which
eliminate post turn-on frequency drift are presented.
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CHAPTER I. INTRODUCTION

1.1 Millimeter-Wave Applications of IMPATT Diodes

Ipact ionization avalanche transit time (IMPATT) devices

provide an extremely important source of solid-state power generation,

particularly in the millimeter-wave frequency range from 30 to 300 GHz

(10- to 1-mm wavelength). While atmospheric absorption caused by a

combination of water vapor and oxygen molecular resonances i are sig-

nificant in this region of the spectrum, relatively transparent win-

dows exist at 35, 94, 140 and 225 GHz where the advantages of

millimeter-wave systems are possible. These advantages are large data

bandwidth, small antenna size, low detection probability, and high

anti-jam capability. 
2

Millimeter waves have applications in radar, communication and

medicine. Millimeter-wave radar systems make use of a variety of

coherent, noncoherent pulse, pulse doppler FM-CW and pulse compression

techniques. The size, reliability, and power generating capability of

IMPATT devices are particularly well suited to many of these applications.

1.2 Pulsed Oscillators and their Applications

A fundamental problem with all solid-state devices including

IMPATT diodes is the reduction in their power generating capability

as frequency increases1 (Pf2 = constant). RF power generated from

the active device becomes limited at millimeter-wave frequencies.

For CW operation the maximum current density, and hence power output,

is limited thermally, while pulsed operation can increase this peak

power depending on the pulsewidth and duty cycle. For very
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short pulsevidth and low duty cycle as required in many

millimeter-wave pulsed applications, the generated power is no longer

thermally limited. The current density can be increased to obtain

more power until space-charge effects cause power and efficiency to

decline. Since the diode output power increases with current density,

pulsed operation is often required to generate the power levels

necessary in this frequency range. Other problems of the pulsed

oscillator include turn-on jitter in the leading edge envelope of the

output power and power variation or amplitude modulation (AM) and

frequency chirp or frequency modulation (FM) during the pulse.

One important application of pulsed oscillators is as trans-

mitters in pulsed radar systems. Resolution and maximum range are

tvc of the important parameters of radar systems, and the range

resoluti-m of a radar set is determined by pulsewidth. High resolu-

tion requires short pulsewidth with stable, clean operation of the

transmitter oscillator. The maximum range (r ) attainable depends
Smax

on the reflecting properties of the object as well as the character-

istics of the radar. The effectiveness of the transmitter in making

r e x large is measured by the product of peak power and pulsewidth

(the energy of each pulse transmitted). Hence, it is important in

these systems that the transmitter provide high-power, stable and

clean operation.

1.3 Goals of the Present Study

Significant research has been done on the device properties

and design criteria for optimizing the output power. However,

additional work is required for improved understanding of
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device-circuit interaction, noise reduction techniques, and methods to

control the oscillator frequency, particularly in pulsed operation.

The purpose of this study is to develop an oscillator model

which can be used to investigate the behavior of pulsed and CW oscilla-

tors. Analytical equations, adequate device characterization, RF

circuit models, bias circuit considerations, and computer simulations

are used to study the starting transients and behavior of the pulsed

IMPATT oscillators.

With this model, a more comprehensive understanding of oscilla-

tor properties primarily in the millimeter-wave frequency range can

be achieved. These properties are transient and dynamic effects in

pulsed and injection locked oscillators, the relation of circuit to

oscillator behavior and design criteria for stable ("clean") opera-

tion, the effect of external influences (such as bias current, bias

circuit, RF circuit, temperature and light) on device behavior and

performance as oscillators. Techniques and device design to control

the post turn-on transients are important and require further study.

In Chapter II an oscillator model is developed, and the equa-

tions governing the behavior of oscillators and device junction

temperature are given. Device parameters (device admittance, thermal

resistance and thermal-time constant) and circuit admittance presented

to the device which are required for the oscillator analysis are

discussed briefly. The usefulness of this model to predict the

behavior of pulsed oscillators and their limitations is described.

.4 Turn-on, post turn-on and turn-off transients of a pulsed IMPATT

oscillator are demonstrated through an example.

q 4.% . *4* 4 4. .' 4* S% * ~ * 44 . 4 * .. .- .. .,...... ...-



In Chapter III the dependence of oscillator turn-on transients

on the device and circuit parameters is investigated. Effects of bias

current, RF circuit, bias circuit, injection locking, photon injection

and ambient temperature on the frequency response, RF power buildup

and generated output power of a millimeter-wave IMPATT oscillator are

described.

In Chapter IV techniques to control the oscillation frequency

of pulsed and CW oscillators are described. Techniques and examples

including bias current compensation, optical injection compensation

and injection locking to control the post turn-on transients of

pulsed oscillators are presented.

Chapter V presents a summary and conclusions of this study.

Suggestions for further study are also described.

: "" " • "% - "% "%° """w q , % "° ° " "", " " "%"" ""° " " C % --.
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CHAPTER II. MODEL FOR CHARACTERIZING THE

OSCILLATOR STATICS AND DYNAMICS

2.1 Analysis of the Oscillator Model

The purpose of this chapter is to develop a simple oscillator

model such that the static and dynamic behavior of a free-running or

injection locked pulsed oscillator can be investigated. Although

only the IMPATT diode oscillators are discussed, this analysis can

4be applied to any two-terminal active device or three-terminal device

(such as a field-effect transistor) in an appropriate circuit.

The IMPATT device exhibits negative resistance when its bias

current exceeds the threshold level, and the circuit can be designed

to utilize this negative-resistance property. For CW operation, the

diode is usually biased with constant current instead of constant

voltage, while a constant current or constant voltage source with

finite impedance may be used under pulsed operation. The bias

circuit constrains the bias current passing through the diode and the

dc voltage across it, thereby affecting the dynamic behavior of a

pulsed oscillator.

Part of the dc power delivered to the diode is converted to

ac power, and the remainder generates heat. The generated heat in

turn contributes to the increase of device temperature. Since the

device characteristics are dependent upon junction temperature, the

oscillator frequency and output power will vary accordingly as a

result of the device-circuit interaction. Thus the turn-on, post

turn-on and turn-off transients of pulsed oscillators can be

-5-
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obtained by solving the oscillator equation, the thermal equation, and

the bias circuit equation simultaneously.

2.1.1 Quasi-Statics. An analytical treatment of pulsed and

injection locked oscillator dynamics is possible if the oscillator

amplitude and frequency are assumed to vary sufficiently slowly

over an average cycle of the RF or microwave signal. That is, the

oscillator signal is assumed to be a quasi-sinusoid of the form

v(t) a Vej"t  (2.1)

where V = V(t) and w = w(t) are real slowly varying functions of

time. Slowly varying can be stated as

_ < 1 or 1 dt << W (2.2a)
Ione cycle

and

Awl1 dw
- << 1 or - << W (2.2b)
w1one cycle W dt

In a small neighborhood of a time to, V(t) can be approxi-

mated by V*(t) as

aot

V*(t) = V e

where
aot

V*(t) = V(t) = V e 0

or to
o r A( 

2 .3 a )

with

-= W(to ) . (2.3b)

---. = - - a a , o

""..a; .o-, L -',a d " *'a* "
-' ... .= -, a " . .
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Then,

st
0v*(t) =V 0e , (2.4&)

where a a + jW is a quasi-sinusoidal approximation to v(t) in
0 0 0

the neighborhood of t 0~0

The dynamics of the oscillator are thus embedded in the

evolution of s(t) A a(t) + Jw(t). This frequency can be found by

examining the interaction between a nonlinear active device and a

microwave circuit.

2.1.2 Device Describing Function. The describing function

concept4 is appropriate and useful in characterizing nonlinear quasi-

static, quasi-sinusoidal oscillators. It can be used to describe the

RF properties of the nonlinear device when device parameters are

slowly varying in time. When used with IMPATT devices, the describ-

ing function is usually defined as the ratio of fundamental RF current

to the amplitude of the sinusoidal RF voltage across the diode. Hence,

it is an admittance Yd which can depend on several slowly varying

parameters, i.e.,

Yd = Yd(VRF'Idc I op T,jw) , (2.5)

where Yd = the IMPATT admittance describing function (mho),

V = the fundamental RF voltage across the diode (V),

Idc = the low-frequency bias current (A),

I = the photon injection current (A),op

T = the junction or device temperature (aK), and

w = the frequency.
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Other parameters may also affect Y' but the ones given

above are of most interest in the present study.

2.1.3 Oscillator Equation. In order to produce oscillation

at microwave frequency, the active device must exhibit negative

resistance. For the IMPATT diode, the negative-resistance conditions

can be achieved by applying adequate dc bias current to the diode.

The oscillator can then be properly designed to make use of the

negative-resistance property and obtain oscillation at the desired

frequency. The equivalent circuit of an oscillator s generally consists

of the large-signal model of the diode admittance Yd' the equivalent

circuit of the microwave circuit admittance Y , and injection current

Ii., as shown in Fig. 2.1.

2.1.4 Free-Running Oscillator. In the free-running case, I.

is set to zero which yields

[Yd(VRFIdcIop ,T,jw) + Yc (Jw)]VRFeJwt = 0

or, since VRF 0 0 for all t,

Y d(VRFIdc Iop,T,s) + Yc(s) = 0 (2.6)

for all time, where s has replaced jw to indicate a generally complex

frequency as the solution to Eq. 2.6. The solution to Eq. 2.6 will

be of the form

s = S(VRF,IdcI OPT) = a + jw , (2.7)

so that the dynamic equation for VRF(t) is given by

1 dVR
1 at = (V FIdIopT) (2.8a)
V RF dt RF Idc o

- |F
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Yd V~ C

A'

,o

FIG. 2.1 OSCILLATOR EQUIVALENT CIRCUIT USED TO STUDY THE

BEHAVIOR OF A FREE-RUNNING OR INJECTION LOCKED

OSCILLATOR.

- *d* ~ ~.* .~~j
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with the frequency of oscillation determined as

W(t) = W(VRF,Idc, op,T) • (2.8b)

If a > 0, VRF grows with time. If a < 0, VRF decays and

steady state occurs for a = 0. Oscillator stability requires that

do/dV RFo = < 0. Hence, to describe the oscillator trajectory in

time, the nonlinear differential equation (Eq. 2.8a) must be solved

along with other equations governing the other time-dependent

variables Idc, I and T.
d'op

2.1.5 Injection Locked Oscillator. In the case of a locked

oscillator, a locking signal of amplitude I. at frequency w. is
2. 1

applied to the circuit as shown in Fig. 2.1. The locking equation

can then be written as

j(Wit+e) jWit
[Y d(V RF'Idc Iop,T,s) + Yc(S)]VRFe = I.e

where 6 is the angle between the RF voltage and injection current

and is a slowly varying parameter (the locking angle). The equa-

tion for a locked oscillator can be rewritten as

i.e-J
e

Yd(VRFdcJopT,s) + Yc (S) = 1 (2.9)VHF

The solution to Eq. 2.9 for s at time t,given all the other variables

at time t,will give

s = S(V RFI ,I opT,I.,e) = a + jW (2.10)

arid, as before,

1 dVRF

V dt VHFIdc lop i
HF

with
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A de= . +- = m(VRFId~lpT i~)

or

dt = - . (2.11b),dt 1

Now both VRF and 0 evolve in time as determined by the solution

to the nonlinear differential equations and the other slowly varying

parameters. The solutions to Eq. 2.11 are straightforward

using numerical integration techniques.

When it is assumed that Idc = 0 during the "off" period and

the injection signal is present all the time, an initial RF voltage

exists before the bias pulse is turned on. The diode is passive

when I = 0 and can be represented by a capacitor (Cd = cA/d).

Initial RF voltage and phase angle can be determined from the

equation:
I.

Yd(T=T ajwi'Idc=° ) + Yc(Jwi ) = VF e -J(O), (2.12)

where w. = the frequency of the injection signal,

T = the ambient temperature,a

Yd = jWiCd)

VRF (0) = the initial RF voltage at t = 0, and

e(O) = the initial phase angle at t = 0.

2.1.6 Thermal Equation. The dc power required to generate

RF oscillations also produces heat in the diode and raises its

temperature. Since heat generation is proportional to the electric

field,1 most of the heat in IMPATT devices is generated in the
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*space-charge region and removed through the semiconductor, metal

contact and heat sink. The temperature response of the device is

then approximated by the following equation:

i T -T Pd

dT + a R th" d7T +, T (2.13)
dt tth 'th

where T = the junction temperature of the device,

T = the ambient temperature,
Ta

Tth = the device thermal-time constant, and

P = the dissipated power which is related to the dc power
d

delivered to the diode Pdc' and the oscillator power

PRF generated by the active device, i.e.,

" Pd = Pdc - PRF = VdcIdc - PRF * (2.14)

Constant thermal-time constant and constant thermal resistance

are used in the analysis although both are dependent on the t-m zraturn

and several thermal-time constants may be involved. In Sections

2.2 and 2.3, Tth and Rth are described further.

An estimate of the junction temperature at steady state

(dT/dt = 0) can be obtained from the device thermal resistance and

dissipated power at the junction as

Tf = T + R Pd (2.15)f oja Rth"

The maximum bias current that can be used for a safe operat-

ing condition of the device is limited by the maximum allowed

junction temperature. Normal operating bias current is constrained

by the maximum bias current and the required reliability which de-

creases with the increasing operating device temperature.

' - . • . " "" "' " .",' " - - -
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2.1.7 Low-Frequency Bias Circuit Equation. In the absence

of RF oscillations, the dc voltage across the IMPATT diode is given

by

Vd = V(T) + I (t)R , (2.A6)
de B dc sc

where VB(T) is the temperature-dependent breakdown voltage, I dc(t)

is the low-frequency bias current, and R is the space-charge
sc

resistance.

The ionization rates of electrons and holes decrease with

increasing temperature.3 Thus, for an IMPATT diode with a given

doping profile, the breakdown voltage will increase with increasing

* temperature. The space-charge effect is the variation of electric

field in the depletion region due to the generated carrier space

charge. This effect gives rise to a positive space-charge resis-

tance for the IMPATT diode.

Since the electron and hole ionization rates are highly non-

linear functions of the electric field, the dc voltage is reduced by

an amount VR which depends upon the amplitude of the RF oscillation

and bias-current level when microwave oscillations are present. The

magnitude of this rectification voltage generally increases with

increased RF voltage level and decreases with increased current

level.6  Figure 2.2 shows the bias circuit approximation, where the

dc voltage is given by

Vdc = VB(T) + Idc (t)Rsc + VR(VRFTIdc) • (2.17)

Equation 2.17 is the bias circuit equation which describes the

relationship between dc voltage and bias current at a different RF

voltage level and Junction temperature. The bias source applied to

k ..k v j, .- %k ,-o -,.. .-.-. ,\, -' -, .'-' ' ',--t 
J , % - . '- -

.-.' '. .' . .- -.- ---.-4,',.
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the device can be constant current or constant voltage with finite

impedance. In the case of a constant voltage source V with series
S

resistance R and inductor L as shown in Fig. 2.3, the dc voltage
.4

across the device is

V = - dc(t)
V dc Vs Rldc L dt (2.18)

Other, more complicated, bias circuits can be used and will require

several state equations for their dynamic description.

2.2 Device and Circuit Parameters Required for the Analysis

To study the transient behavior of a pulsed oscillator, the

following device and circuit parameters must be obtained by theoret-

ical calculation or measurement:

1. Device admittance Yd which depends on RF voltage VRF, bias

current Idc, optical current I op, oscillation frequency f, and

junction temperature T.

2. Circuit admittance which is a function of frequency.

3. Thermal resistance R which depends on device size, device
th

material, geometry, material of heat sink, bias-current pulsewidth,

and duty cycle.

4. Thermal-time constant which is related to device width.

In this section a more detailed description of these device

and circuit properties and their effects on the oscillator behavior

are described.

2.2.1 Describing Function Y d(V RFIdcIo ,f,T). Describing

'. functions 3 can be used to describe the equivalent circuit of non-

linear devices including IMPATT diodes. Derivation of an appropriat,

admittance describing function from large-signal behavior of the

| .. . ..-- 5-.| • *
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active device and its use in the study of pulsed oscillators will

be demonstrated. Initial analysis to illustrate the turn-on, post

turn-on and turn-off transients of a pulsed oscillator has made use
of a uniformly doped double-drift region (DDR) IMPATT diode as an

example. A DDR diode is chosen because the millimeter-wave output

power and efficiency are significantly higher for DDR diodes than for

those obtained with the single-drift region (SDR) diodes. The results

of the large-signal device admittance obtained are being combined

Swith the RF circuit admittance and bias circuit to study dynamic

7; effects in the pulsed oscillator under different conditions.

Device admittance data obtained from simulation or measurement

are discrete. For the purpose of analysis, Yd is expressed as a

continuous function of VRF, Idc, lop, f and T, since then the natural

frequency s can be determined by solving the free-running oscillation

condition given by

Yd(V RF,Idc ,Iops,T) = - Yc(s) (2.19)

Analytical expressions for both Yd and Y as functions of

frequency are desired. The device conductance Gd is an even function

of frequency, while device susceptance is an odd function.7  These

even and odd properties are useful for constructing an approximate

expression for Yd" For certain bias currents, optical currents, and

junction temperatures, Yd is a function of RF voltage and frequency.

Therefore, Gd and Bd can be expressed as shown in Eqs. 2.20:

R S
G = An RFf2)n (2.20a)

k=O n=O

':.j* % ,*m. *
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and

R S

Bd = B BV (f .f+i (2.2Ob)
k10 n10

Values of Akn and Bkn can be found in the least mean-squared error

sense.

If f is replaced by s/j2, Yd can be represented as a con-

tinuous function of VRF and s, i.e.,

Yd Gd + JBd

= Akn F )n 2n + X BknVkRF( - l)n[) n+1.

(2.21)

Large-signal properties including optical effects of millimeter-

wave IMPATT diodes have been studied extensively and are given by

Burmawi.8 Figure 2.4 shows the large-signal device admittance with

60 kA/cm2 bias-current density and 3000K junction temperature. This

figure is the plot of Eq. 2.21 after the discrete data are treated

as described.

2.2.2 The Circuit Model. To study the dynamic behavior of a

pulsed oscillator, it is essential to have a model for the microwave

circuit. The most straightforward method of modeling is by means of

a lumped equivalent network representing the RF circuit. Although an

equivalent circuit of a practical oscillator may be more complex in

general, it can often be reduced to a simple form over a limited fre-

quency range of interest. The RF circuit can be represented by a

lumped RLC series or parallel network as shown in Fig. 2.5. These

, , , ,...,.',',.ej-...' , j.... . ... , . ,
. .-......-...- .-. -*.. .- --ft .t'f f. . ..
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4'DIODE ' Lc

Yc(s) zG + I/sL + s

FIG. 2.5 A SIMPLIFIED RF EQUIVALENT CIRCUIT.
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RLC elements are frequency independent, and the circuit admittance

presented to the diode is a simple function of frequency.

A millimeter-wave diode can be mounted in a waveguide or

microstrip circuit to generate RF power. In many cases the diode

is mounted in a reduced-height waveguide with a tuning short. This

waveguide oscillator circuit consists of an IMPATT diode mounted on

a copper heat sink, a rectangular waveguide of reduced height, a

movable short, a dc bias post, and a waveguide taper. The reduced-

height portion of the waveguide provides a low impedance necessary for

proper matching of the load to the diode. The waveguide taper is for

impedance matching between reduced- and full-height waveguides.

A theoretical analysis of this post-in-waveguide circuit has

been studied, and the calculated results can be applied to the circuit

design in optimizing the oscillator performance. This more complex

equivalent circuit is based on the analysis of Lewin 9 and modified by

Chang and Ebert.)" The results obtained for the RF circuit can then

be combined with the device to predict the oscillator behavior.

2.2.3 Thermal Resistance. The maximum dissipated power is

determined by the safe operating temperature of the junction (approxi-

mately 300C for Si) and the total thermal resistance which is a

measure of the efficiency of heat removal. Thermal resistance is

related to diode area, diode geometry, and the thermal properties

of the semiconductor, diode metallization, and the heat sink. When

a Si diode is mounted on a heat sink and an ideal thermal contact

between all the metallic layers is assumed, total thermal resistance

Rth is given by

R th = Rs + RHS

'I' . .. .. , '/ .," ' , ' . . . • o ,. . . . . . . ,. , . .v .. , ' .j "-' " " .",,-" . -"" . ....-.-.- '.

- . . . . : " -'k I II A.,..,,im ' l : ,l~, :s , a,, ,l L d , ., . .4'',.- .....-.. a
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where R is the thermal resistance caused by the Si and the thin layersK,, S

of contact metallization, and RS is the thermal resistance caused by

.. the heat sink.

a! For the pulsewidth larger than several thermal-time constants,

5 s is approximately equal to its CW value, i.e.,

d.

s AUk.

where A is the diode area, k. is the thermal conductivity of the ith

layer, and di is the material thickness of the ith layer.

For a pulsed oscillator, heat is supplied to the surface of the

heat sink in periodic pulses. The thermal-resistance caused by

the heat sink R H can be calculated for an avalanche diode under

periodic pulses. The diode is under a periodic heating and cooling

cycle caused by the bias pulses. In an actual diode, the heat genera-

tion is confined primarily to the active layer close to the diode

junction. This generated heat flows through the semiconductor before

reaching the heat sink. RS depends on the pulsewidth t1 and duty

cycle (d = t./T), where T is the period of successive pulses, and

is given by'

Rd1/2 (t)1/2 r -H_2/hat,]+
d -

/d (at,) L 2 /2L e J

11S (1R2  - e+

+ 1/2 )/2 erfc {12]

/d (at) 2(atl

(2.22)

where R is the radius of the diode, and I is given by

a,,- . " : . ". , " . . . .. . - . . .
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e - 2 [e- (1- )X ]e Cos T/2)-x2d

0' x(- e )

For a copper heat sink, the thermal conductivity k is 3.96

W/cm°C, and thermal diffusivity a is 1.14 cm2/s. Figure 2.6 shows

RS as a function of a pulsewidth at a 40-kHz pulse repetition fre-

quency. Within reasonable limits, a short pulsewidth is more effec-

tive (i.e., less thermal resistance ) than a low duty cycle in

preventing diode damage from overheating.

The thermal conductivity of diamond is greater than that of

copper. Thus, the thermal resistance of the diode can be reduced with

a diamond heat sink and higher power can be handled accordingly.

Geometries which distribute the junction area over a much larger

heat sink area1 2 can also be used to reduce thermal resistance.

2.2.4 Thermal-Time Constant. Calculation of the thermal-time

constant can be carried out for a simplified geometrical configura-
wT

tion 13 such as that shown in Fig. 2.7. It consists of a heat source

located at the end of a slab of material with the constant cross

section A, device width d, thermal conductivity k, specific heat c',

and density p. The other end is connected to a heat sink of tempera-

ture T . Heat is stored in the thermal capacitance of the device

chip, then passes through the thermal resistance of the semiconduc-

tor and the contact metallization to the infinite heat sink. The

thermal-time constant due to the device-chip capacitance and thermal

resistance of the simplified model is given by

.. .% * . .
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Sd

T rc = . c 'dAp = c'pd 2 /kIth kA

where tth = the thermal-time constant of the diode (s),

r = the thermal resistance of the slab of material (0C/W),

and

c = the heat capacity of the slab of material (J/0C).

Silicon is often used in millimeter-wave IMPATT diodes, and

its properties at 300'K are specific heat c' = 0.7 J/g0 C, density

p = 2.328 g/cm 3 , and thermal conductivity k = 1.45 W/cmOC.

Figure 2.8 shows the thermal-time constant of a Si diode as a

function of device width. It can be seen that Tth decreases as the

'4 device width decreases. For the double-drift IMPATT diode with an
'In

active region width d = 1 Um, Tth is 11.2 ns. Since the active region

width of the diode decreases as the desired frequency increases, the

thermal-time constant is reduced for higher frequency devices. Hence,

the temperature rise of pulsed millimeter-wave diodes is faster than

that of lower frequency devices.

2.3 Usefulness and Limitations of the Oscillator Model

The oscillator model described in Sections 2.1 and 2.2 is

capable of predicting many important effects in CW and pulsed IMPATT
°4

oscillators including the following: (1) turn-on transients (oscilla-

tion buildup and frequency response) and their dependence on the

device (bias current), circuit (bias circuit, RF circuit), and

external influences (injection locking, photon injection, ambient

temperature), (2) post turn-on transients (frequency chirp, tempera-

ture response, and power variation), (3) turn-off transients (device

S. . - . . . . . . . ---. . . . . . . . . .-.. *7
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cool-off and decay of the output power), (4) control of the post

turn-on transients, and (5) behavior of varactor/photon tuned

oscillators.

The performance of this oscillator model is limited in several

respects. Knowledge of these limitations is necessary for the proper

use of this model. Temperature and photon injection dependence of

the microwave circuit are neglected. In the real oscillator circuit,

the microwave circuit may be dependent on temperature and photon

injection especially when a microstrip is used. The same temperature

is assumed throughout the semiconductor layer while the more realis-

tic thermal distribution is dependent on the location. A single

thermal-time constant is used in the model. The thermal-time constant

may be dependent on the operating temperature, and several time con-

stants may be involved. The value of Tth for the same semiconductor

is approximately 10 ns in the example and that of the heat sink is much

larger (on the order of .s). Variation of the device and circuit

properties due to aging is not considered.

2.4 An Example of a Pulsed Oscillator which Identifies the Various

Effects

2.4.1 Introduction. To study the turn-on, post turn-on, and

turn-off transients of pulsed oscillators quantitatively, a quasi-

static device model is used in which it is assumed that the micro-

wave admittance of the diode is an instantaneous function of RF

voltage, dc current, photon injection level, and junction temperature.

This model, which was developed for oscillator analysis, can be used

to determine the dynamic and steady-state behavior of the device

when interacting with a microwave circuit of known admittance.

i 
< '

;; .. . . . . . . .. . . . . . . . . . . . . . . . " "".".'-. . . .". . . . . . . " ' ' " "- . "- "
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A constant bias-current pulse is often used in pulsed IMPATT

oscillators, such that the oscillator is turned on when adequate

current is passing through the device, and the microwave circuit is

properly matched. Output power builds up as a result of the device-

circuit interaction. A significant portion of the dc power is dissi-

pated which results in the temperature rise and a change of the device

properties. Thus, oscillation frequency and output power vary. When

the bias pulse is turned off, the RF oscillation cannot sustain,

output power decreases, and the junction temperature returns to the

ambient temperature.

In this section many important effects of a free-running pulsed

IMPATT oscillator are demonstrated through an example. In this example,

a flat bias-current (60 kA/cm. ) pulse with a h0-ns pulsewidth and a

40-kHz pulse repetition frequency (period = 25 Ps) is applied to a

double-drift millimeter-wave diode with a 50-um diameter. Other im-

portant device parameters are the thermal resistance, Rth = 6.70C/W,

and the thermal-time constant, Tth = 11.24 ns. A simple RLC parallel

network represents the passive circuit seen from the device terminals.

In this example, the following parameters are used: G = 24.9 mmho,

L = 9.39 x 10-13 H, and C = 1.4522 pF.

2.4.2 Turn-On Transients of the Pulsed Oscillator. The device-

circuit interaction which results in the buildup of HF oscillation is

obtained by using a time-domain computer simulation.

A sudden change in the dc bias current shifts the device

admittance from Yd(VRF,Id) to Yd (VRF,Id + AId). Because of the

stored-energy requirements of the microwave circuit, the RF voltage

cannot change instantaneously. Therefore, immediately after the
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change in bias current, the circuit constraint Yd (s) + Yc (s) = 0

can only be satisfied by the growth of the RF voltage to a new value.

Such growth takes time, and the delay time between the bias pulse and

the output power is related to the amount of current change AId and

the quality factor Q of the microwave circuit. For the constant

current pulse, the oscillator turn-on is usually characterized by a

rapid decrease in dc voltage across the diode.

The natural frequency s which determines the nature of the

transient response can be solved by numerical methods. The growth

ratio a is the rate of RF voltage growth given by

1 dVRF

VRF dt

If a is negative, then any oscillatory response will be damped

out, and the degree of damping depends on the magnitude of a. An

oscillator will be free running if initially a is positive. Any dis-

turbance will cause RF voltage to build up. As long as a remains

positive, the exponential buildup of the free-running oscillator will

continue, and the output will eventually stabilize at some amplitude.

Since the diode conductance Gd and susceptance Bd are generally depen-

dent on the amplitude of the ac voltage, the dc voltage across the

device, and Junction temperature, the oscillation frequency and growth

rate of the oscillator are time dependent. This is a result of

device-circuit interaction. There are large transients in the output

frequency during turn-on. This is due to the increase in device

susceptance Bd as the RF voltage swing increases so that the oscilla-

tion frequency decreases continuously during the buildup until the
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growth of the oscillation is complete. After steady state is reached,

the frequency settling time and the delay time between the bias pulse

and full RF power can be determined.

An initial value of RF voltage (VRF = 0.1 V) is used in the

calculation. A high growth rate (8.1 x 10 9 ) at the start of oscilla-

- tion and its decrease as the oscillation builds up are illustrated in

- .Fig. 2.9. It can be seen that the growth rate approaches zero when

the buildup is complete. Figure 2.10 shows that the RF voltagE in-

creases from 0.1 to 12 V within 0.8 ns. Since the initial RF voltage

is small, the buildup of the RF voltage is not significant until 0.5

ns, although the growth rate is high at t = 0. Buildup is faster with

a higher initial RF voltage.

Figure 2.11 demonstrates the response of device conductance

during turn-on. The magnitude of the device conductance IGdI decreases

as RF voltage increases. This fall of IGdl is a natural phenomenon

common to all negative-resistance diode oscillators and is a result

of device nonlinearity. When the negative conductance falls to the

same value as the circuit conductance (G + G = 0), where G is the

circuit conductance, stable operation is obtained.

RF power (PRF = - 0.5 GdV2) is determined by the values of

device conductance and RF voltage. Figure 2.12 shows the buildup of

Soutput power during turn-on. The delay time between the bias pulse

and RF power which depends on the initial RF voltage is approximately

* 0.6 ns. Since the ionization rates of electrons and holes are highly

nonlinear functions of the electric field, dc bias voltage across the

diode Vdc will decrease as the RF voltage builds up as shown in Fig.

2.13. Variation of Vdc is negligible when the RF voltage swing is
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small (< 1 V). Vdc decreases from 24.9 to 20.2 V as the RF voltage

increases from 0.1 to 12 V and remains relatively constant after the

oscillator is turned on. A large decrease of dc voltage can be seen

when the RF voltage is building up.

The device susceptance Bd increases with increasing RF voltage,

i.e., Bd changes from 24 to 126 mmho during turn-on as shown in Fig.

2.14. This increase of device susceptance causes the oscillation fre-

quency to vary from 135 to 129 GHz when oscillation builds up as shown

in Fig. 2.15. Although the device temperature changes from 300 to

315 0K during turn-on, it is reasonable to conclude in this example

that the turn-on transients are mainly the result of device-circuit

interaction. The effect of temperature rise on the oscillator perfor-

mance begins after the oscillator is turneC, on. Figure 2.16 and 2.17

show the turn-on transients in the s-plane and the device admittance

plane, respectively.

2.4.3 Temperature Response During the Pulse. The device junc-

tion temperature, which is determined by ambient temperature, thermal

resistance from the junction to the heat sink, and the dissipated power,

is an important parameter affecting the performance of IMPATT oscilla-

tors. For a given diode under pulsed operation, the temperature

behavior during the pulse depends on bias current, pulsewidth, pulse
.4

repetition frequency, RF circuit, and ambient temperature.

For low duty cycle operation, the "off" period is much longer

*than the "on" period and allows the device to cool off to ambient

temperature. Therefore, the diode junction is nearly at ambient temper-

ature at the beginning of each heating cycle and gradually heats up

because of the dissipated power Pd which varies with the dc power and
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RF oscillation power PRF as

Pd = -dc-RF = Vdd - 0.5 IGdIV ,

where V = the dc voltage across the device,

I = the dc bias current passing through the device,4 dc

Gd = the device admittance, and

V = the RF voltage across the device.

The maximum temperature rise of the diode AT is related to the

dissipated power at the junction Pd and the thermal resistance of the

device Rth by

AT = PdRth

Given the input bias power, the thermal resistance determines

the maximum temperature rise. The actual temperature rise during

the pulse is approximately equal to the maximum temperature rise AT

when pulsewidth is longer than several thermal-time constants th"

Semiconductor devices including IMPATT diodes are temperature

sensitive. Oscillator performance during the pulse is primarily

determined by the temperature dependence of the device properties

providing that the temperature dependence of the microwave circuit

is negligible. The effect of temperature on the small-signal device

admittance has been studied by Schroeder and Haddad.14 With increas-

ing diode temperature the small-signal negative conductance was found

to increase, and the region of negative conductance was shifted

toward lover frequencies. This may be caused by several temperature-

dependent physical parameters including saturated velocity, dielec-

tric constant, and ionization rates. Intrapulse performance of the

..........................I* .

wV *,i,- .. V V -
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oscillator can be obtained from the temperature dependence of

large-signal device properties. For the diode used as an example,

the following conclusions which are useful for the intrapulse analysis

can be drawn:

1. The absolute value of the device conductance decreases with

increasing RF voltage and increases with increasing temperature.

2. The device susceptance has a tendency to increase with RF

voltage and operating temperature.

3. Breakdown voltage increases with operating temperature.

V-n the basis of the same oscillator example, the junction

temperature increases from 300 to 470 0K during the 40-ns pulsewidth

as shown in Fig. 2.18. As the junction temperature rises, the ioniza-

tion rates and scattering-limited velocities of electrons and holes

decrease. Both effects tend to increase breakdown voltage and dc

voltage across the device. Figure 2.19 illustrates the increase of

dc voltage from 20.2 to 25.1 V during the pulse. The positive

temperature-coefficient property of the breakdown voltage can be used

to prevent the thermal runaway when the diode is biased under

constant-voltage operation.

2.4.4 Frequency Drift During the Pulse. The variation of

oscillation frequency due to the change of temperature AT can be

estimated1 5 from the oscillation conditions. The oscillation condi-

tions can be expressed as

Gd(V RFIdcf,T) + Gc(f,T) = 0

and

Bd(VRF,Idc,f,T) + Bc(fT) = 0

*' * ... ".%v. '%
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where Gd = the device conductance,

Gc = the circuit conductance,

Bd = the device susceptance, and
B = the circuit susceptance.
c

To obtain analytic results, the following additional assump-

tions are made: (1) G is a constant independent of temperature andc

frequency, and (2) frequency dependence of Gd is negligible.

The change of Gd due to AT must be compensated by that due to

the change in RF voltage V , and dc current Idc to maintain the

oscillation conditions, i.e.,

SGd  BGd aGd
- AV + - d A dc + -- AT = 0
H F dc

and

aBaB 9B aB aB 3d r d c I d c + dAV + -Td + - --AT + -- Af + AI = 0
Hv F R91dc d

Combining these equations gives

(a(Bd +B )]
3 j Af = A AT + A AId (2.23)

where

" Bd 1 aGd ;(Bd + BC)
9V - V aG/ dV d/ aT aT

and

A = d 1 BGd aBd
2 av aG /aV al a I

RF d RF Idc dc

Frequency drift due to AT is related to the circuit admittance

and large-signal device properties of IPATT diodes. For constant
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I current operation (AIdc = 0), the oscillation frequency decreases

with positive temperature change when A I is negative. The sign of

A is determined by the values of 9Bd/aVRF, 9Gd/aVRF, aGd/aT and

a(Bd + Bc)/3T. The temperature dependence of circuit admittance is

assumed to be negligible, i.e., B c/aT = 0 and aG c/T = 0. The

large-signal properties including temperature dependence of an IMPATT

diode have been studied,and the results are summarized as follows:

1. Device susceptance Bd increases with RF voltage

(aB dlAV > 0).

2. Device conductance Gd increases with RF voltage, and this

is one of the criteria to achieve stable oscillation (aGd/aVRF > 0).

3. Gd decreases (more negative Gd) with temperature

(3G d/aT <0).

4. Bd increases with temperature (aB d/aT > 0).

5. Bd increases with frequency (aBd af > 0).

6. Circuit susceptance B has to increase with frequency to

obtain stable oscillation (aB /af > 0).

The sign of A determined from 1 to 4 is negative. Thus,

the frequency drifts downward as Junction temperature increases.

This conclusion is in good agreement with the investigation of Fong

and Kuno. 16 Equation 2.23 can be modified when the loaded oscillator

quality factor QL is introduced. QL is defined by

f ( B d +  
Bc )

QL -2G ac f=f

o
~where fo is the oscillation frequency of the oscillator. Equation

~2.23 becomes
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f
Af = 2G% (A1AT + A2 ldc)

For a given diode, a higher loaded circuit quality factor

QL,C means higher QL. Accordingly, as expected frequency drift Af

decreases with higher QLC' where

f a(B_ 0 c
QL,C 2G af

0

During the post turn-on period, device susceptance Bd increases

from 126 to 152 mmho, and oscillation frequency decreases from 129.5

to 128.5 GHz as shown in Fig. 2.20. This frequency drift (1.3 GHz)

is smaller than the drift during the turn-on period (5.5 GHz), since

the increase of Bd caused by temperature rise (26 mmho) is smaller

than that caused by the oscillation buildup (102 mmho).

2.4.5 HF Voltage and Power Variations During the Pulse. For

the diode used in the example, the drift regionis not quite punched

through at 3000 K and, consequently, a thin layer of high resistivity

Si (typically 1 Q-cm) appears as a parasitic loss element. This

undepleted layer degrades the oscillator efficiency. A nonpunched-

through diode has been shown1 7 to be more temperature sensitive than

a punched-through diode. The reduced ionization rates of electrons

and holes with increasing temperature have important effects on the

electric field profile. Since a higher electric field is required

to maintain the same bias current, the space-charge region widens,

the parasitic series resistance is appreciably reduced, and effi-

ciency increases at a higher junction temperature.
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For a constant current pulse, the RF voltage and output power

continue to increase with increasing Junction temperature. The output

power increases for two reasons. First, as the breakdown voltage

increases with temperature, the power input at a constant current

source bias increases, and if the efficiency remains constant, the

output power must also increase. Second, it has been shown that the

efficiency actually increases with temperature, so the output power

would increase even if the breakdown voltage remains constant.

Figures 2.21 and 2.22 show the RF voltage and the output

power variations of post turn-on transients. The RF voltage increases

from 12 to 15.6 V, and the output power increases from 1.8 to 3 W.

2.4.6 Turn-Off Transient of the Pulsed Oscillator. When the

bias current pulse is turned off at t = 40 ns, the bias current density

decreases from 60 kA/cm2 to 0, and the device admittance changes.

The circuit constraint Yd (s) + Yc (s) = 0 can only be satisfied with
c!

o < 0. Therefore, the RF oscillation cannot be sustained, and the RF

voltage will decrease. Decrease of RF voltage is proportional to the

product of RF voltage and the magnitude of the decay rate. RF voltage

decreases drastically from 15.6 to 0.1 V within 0.2 ns as shown in

Fig. 2.23. The turn-off time (0.2 ns) is smaller than the turn-on

time (0.8 ns) as expected since both the RF voltage (15.6 V) and the

decay rate (a = - 1.5 x 1010) at t = 40 ns are large. Since the

"off" period (s 25 us) is much larger than the "on" period (40 ns),

the Junction temperature will cool off from 470 to 3000K during the

long "off" period.
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2.5 Separation of Short- and Long-Term Effects

Short-term (turn-on) and long-term (post turn-on) effects are

well separated when the delay time between the applied bias pulse and

output power is smaller than the thermal-time constant of the diode as

illustrated in Section 2.4. The short-term effect is mainly the result

of device-circuit interaction, and the long-term effect is caused by

the device temperature rise.

However, in some cases the distinction between short- and

long-term effects is not so well defined. Two of them will be described

briefly:

1. If the circuit Q is large, as in the cavity stabilized oscilla-

tor, a longer time is needed to store the required energy, and the

device temperature rises at the same time. When the turn-on time is

larger than the pulsewidth, short- and long-term effects cannot be

separated.

2. If the magnitude of the device conductance Gd is too small

(Gd + Gc > 0) at ambient temperature, the oscillator is not turned on

immediately after the bias pulse is applied. Then, the input dc power

converts into heat, and the device temperature keeps increasing.

After the device temperature increases to a certain value, IGdI is

large enough, and the entire circuit will not be stable. This delay-

start phenomenon is a consequence of the temperature increase. There-

fore, the short-term effect is not always caused by the sudden in-

crease of bias current, and the long-term effect may not be the con-

sequence of temperature rise.

I - -- r 9 ,r ,'r ' . .,". .- , ". % ."d ." ",," .". " ho ,. 5 .- .- ,-. " 
" "
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2.6 Effects of Pulsewidth and Duty Cycle on the Oscillator

Performance

It is the purpose of this section to study the effects of

pulsewidth and duty cycle on the pulsed oscillator performance.

Limitations on duty cycle, pulsewidth and output power arise from the

maximum safe operating temperature of the device. With increased

power dissipation, the temperature reaches its limiting value in a

shorter time, thereby requiring reduced pulsewidth. Tradeoffs

between pulse width, duty cycle and thermal resistance for a ther-

mally limited diode are given in this section.

The thermal resistance caused by the heat sink RHS depends on

the pulsewidth, duty cycle and material of the heat sink. Figure

2.24 shows the pulse repetition frequency as a function of pulse-

width with HS as a parameter. These curves are calculated from

Eq. 2.22. These contours indicate, as expected, that for a constant

R HS' the pulse repetition frequency PRF must decrease for increasing

pulsewidths. For a given pulsewidth, RHS increases with increasing

PRF.

For a diamond IIA heat sink, the thermal conductivity k is

20 W/cm0C and thermal diffusivity is 1.0 cm2/s. Copper has a thermal

conductivity of 3.96 W/cm0 C and a thermal diffusivity of 1.14 cm2/s.

It can be seen from Eq. 2.22 that RHS for copper is several times

larger than that of diamond IIA for a given pulsewidth and duty

cycle, since diamond has higher thermal conductivity and the ther-

mal diffusivity is about the same. A diode with diamond heat sink

can sustain higher bias current and thereby generate more RF power.
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Figure 2.24 shows that a higher PRF can be used with diamond as

heat sink.

A family of design curves showing the trades between pulse-

width, duty cycle and RF output power are generated in the manner

indicated in Fig. 2.25. For a given constant R HS, the total thermal

resistance Rth = RS + RHs is constant, and the time required for

temperature T to reach Tma x (500°K) for different current pulse

amplitudes is calculated. This time then represents the pulsewidth,

with the duty cycle orPRF obtained from Fig. 2.24 for the given

value of RHS. The higher the bias current, the shorter the pulse-

width needed, but the higher the RF power generated. Typical

output power responses for RHS = 11 and various bias current den-

sities are shown in Fig. 2.26. Since the power varies substantially

over the pulse, the total RF energy, or average power defined as

~t 1

p = I P (t) dt
av = i R F

is used for purposes of comparison.

The average power as a function of pulsewidth for various

values of RHS is shown in Fig. 2.27. Again, the PRF associated with

a given point is obtained from Fig. 2.24. Values of PRF for inter-

mediate RHs can be easily obtained by interpolation.

The curves generated are representative of the fixed-tuned

circuit situation, i.e., the circuit impedance is held constant

for all calculations. This is the situation occurring for a given

oscillator operating under a variety of duty cycles, pulsewidths,

and de input power.5-
'S.
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Figure 2.28 shows the mean power as a function of pulsewidth

for various values of "HS. The mean power is defined as

t Fi

P 1 iP (t)adt
mean T jo RF

= P x duty cycle
av

where tI is the pulsewidth and T is the period.

To illustrate the influence of heat sink on pulsed oscillator

performance, a pulsed oscillator with RS of 9 °C/W and pulsewidth

of 39.6 ns is used as an example. With a copper heat sink, P is~av

1.13 W, PRF is 826 kHz, the duty cycle is 3.27 percent and Pmean is

0.037 W as shown in Figs. 2.27 and 2.28. With diamond IIA heat sink,

P is the same (1.13 W). However, the duty cycle is 17.9 percent,av

since PRF of 4.5 MHz can be used and P of 0.2 W is obtained.

2.7 Conclusions

In this chapter a simple oscillator model was developed, and

various paramete.r state equations governing its behavior were pre-

sented. Usefulness and limitations of this oscillator model were

discussed, and the model was applied to a simple RLC oscillator cir-

cuit to indicate its response to an applied bias pulse. Immediately

after application of the bias pulse, a high growth rate occurred while

the HF voltage was small. As the RF voltage increased, the growth

rate decreased as expected in a stable oscillator circuit. In addi-

tion, the device susceptance B increased with increasing RF voltage,
d

resulting in a decrease of oscillation frequency during turn-on.

After the initial turn-on of the oscillator stabilized, the junction
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, ,temperature continued to-increase, and the device properties varied

accordingly. The frequency drifted downward, and the output power
.4

increased as the temperature increased. When the bias pulse was

turned off, the RF voltage decreased rapidly to a small value, and

Junction temperature decreased to ambient temperature in the

- expected manner. The separation of turn-on and post turn-on effects

in this circuit were readily apparent because the thermal-time constant

was long compared to the growth time of the oscillator RF voltage.

These results illustrate the several important effects in pulsed

oscillator behavior, pointing out both circuit and temperature

dependence of oscillator dynamics and demonstrating the use of the

quasi-static model.S.
.5



CHAPTER III. DEPENDENCE OF OSCILLATOR TURN-ON TRANSIENTS

ON DEVICE AND CIRCUIT PARAMETERS

3.1 Introduction

The turn-on transient of a free-running or injection-locked

IMPATT oscillator can be analyzed by solving for the RF voltage

V (t) and phase e(t), given the initial RF voltage andRF VRF(O)

phase e(0). Detailed analysis has shown that the transient response

is sensitive to many device and circuit parameters.

From the condition for free-running oscillation Y d(S) =

- Yc(S), a great deal of insight into oscillator turn-on transients

can be obtained from a complex plane representation (device-

circuit diagram) of the device admittance Yd together with the negative

locus of the circuit admittance vs. frequency, - Y c(f). Yd is a

function of RF voltage, frequency, junction temperature, bias

current and photon injection, while Y c(f) is the frequency response

of the circuit seen from the device terminals.

The approximate magnitude of the initial growth rate at t = 0

is proportional to the distance between the device admittance curve

and the circuit (negative) curve, while the imaginary parts of the

device and the circuit admittance determine the frequency response

of the free-running oscillator. Details of the turn-on transient

can be obtained through a simulation program.

In this chapter the turn-on transients (growth rate decrease,

RF voltage buildup, output power increase, dc voltage decrease,

oscillation frequency decrease, device admittance change, etc.) and

-64-
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their dependence on device and circuit parameters are obtained from

the oscillator model developed in the previous chapter. This

oscillator model is used to predict many important turn-on transients

of millimeter-wave IMPATT oscillators including the following:

1. Turn-on time and oscillation frequency as a function of

bias current.

2. Turn-on time. and frequency response as a function of circuit

Q.

3. Effects of various bias circuits.

4. Influence of injection locking.

5. Effects of photon injection under different bias conditions.

6. Starting jitter in the leading edge envelope of the output

power.

7. Turn-on time as a function of ambient temperature.

3.2 Effect of Bias Current

In this section simulation results of the turn-on transient of

an IMPATT oscillator at various bias current densities are demonstrated.

In order to understand the bias current dependence of turn-on

transients, it is essential to know the device properties as a

function of bias current. At the start of oscillation, the RF voltage

across the device terminals is small. Thus, the small-signal device

admittance is very important at the beginning of turn-on (t = 0).

The small-signal properties of IMPATT diodes studied by Misawale can

be summarized as follows:

1. The avalanche frequency is proportional to the square root

of the dc bias current Ifa a (Idc ) I.*

%--- .- -
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2. The magnitude of the device conductance IGdl increases with

bias current at most frequencies.

3. The device susceptance B d decreases with bias current.

4. The magnitude of the device Q decreases with bias current

where the device Q is negative and has a value determined by the

ratio of device susceptance to device conductance. Since power is

generated by an IMPATT diode, the device Q is negative.

In addition to the small-signal device properties, the large-

signal device properties which determine the efficiency and output

power of an oscillator are also important. Efficiency and output

power increase with bias current before space-charge effects become

important. From the small- and large-signal device properties,

turn-on transients of the IMPATT oscillators can be predicted

qualitatively.

The small-signal Q of the device gives information about the

threshold condition and the initial growth rate of a pulsed oscillator.

Since the magnitude of the device Q decreases with bias current, there

exists a threshold current for the onset of oscillation. Therefore,

higher initial growth rate, larger output power, and increased

oscillation frequency at steady state can generally be obtained by

operating the device at a higher bias current.

To illustrate the bias current dependence of turn-on transients,

a fixed tuned oscillator in which the microwave circuit is represented

by a simple RLC parallel network (G = 24.9 mmho, L = 9.39 x 10- 13 H,

and C = 1.4522 pF) is assumed, and the current density Jdc varies

from 20 to 60 kA/cm 2 . Figure 3.1 shows the variation of output

power of this fixed tuned oscillator at various bias current levels.
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When the current density is smaller than the threshold value

( 20 kA/cm 2 ), the output power does not build up within 1 ns. When

the current density is 30 kA/cm2 or more, the output power and RF

voltage at steady state increase as the bias current increases. Turn-

on time remains approximately the same (0.7 ns), although the initial

growth rate may be larger at a higher current. Figure 3.2 shows the

frequency response during turn-on at various current levels. Oscillation

frequency at steady state increases with current density as expected.

Since the RF voltage swing increases with bias current, the amount of

frequency change during turn-on increases accordingly.

3.3 RF Circuit Dependence

During the turn-bn, the amplitude of the RF oscillation increases
I

exponentially, and the growth rate of RF voltage is related to the

circuit Q. Thus, if the diode is placed in a low Q circuit, substan-

tial frequency decrease and faster turn-on would be expected. However,

in a high Q circuit smaller frequency decrease and slower turn-on

would be obtained. Of course, to predict the turn-on of a given

oscillator, the impedance presented to the diode by the circuit must

be known.

To study the RF circuit dependence of the turn-on transient,

it is essential to have a model for the external circuit of an IMPATT

oscillator. The most straightforward method of modeling is by means

of a lumped equivalent network representing the microwave circuit.

In this section, a simple parallel RLC network representing the

circuit seen from the device terminals as shown in Fig. 2.5 is

. . .............. .....
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combined with the device to study the RF circuit dependence of the

turn-on transient.

Turn-on time and output power at steady state of an oscillator

are very sensitive functions of the circuit conductance. Circuit

conductance G is chosen to be equal to - Gd(Vo,f) where V is the RF

voltage at steady state, and f is the oscillation frequency at steady

state. L and C are chosen such that

Bd(Vo, f) + B (f) = 0 , i.e., wC - Bd(Vof) (3.1)
d 0 C L 0L

and

"B
E=, 2 , _W C + . (3.2)

Given the frequency f, Gd(Vof), Bd(Vo,f), and loaded circuit

quality factor LC' then G, L and C can be determined from Eqs. 3.1

and 3.2. To illustrate the RF circuit dependence of the burn-on

transient, the following device parameters are used: current density

Jdc = 60 kA/cm2 , frequency f - 130 GHz, RF voltage V0 = 12 V, device

conductance G d(V ,f) - - 24.9 mmho, and device susceptance Bd(Vof)

- 117.6 mmho.

From Eqs. 3.1 and 3.2, L and C are

: _2 l(3.3)
w21Gdl, C + Bd

and

- Bd + 21GdIQ C
C = 2 (3.4)

IL
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In this section G equals 24.9 mmho, and L and C for different

QLC are as follows:

L (H) C (pF)

25 1.7970 x 10- 12 0.69012

50 9.3900 x 10-1 3  1.4522

75 6.3555 x 10-1' 2.2143

100 4.8033 x 10-13 2.9764

125 3.8605 x 10-1 '  3.7385

Threshold current, which is defined as the minimum current

to trigger the oscillation, increases with increasing circuit

conductance. Various circuit parameters with different QLC have

been used to demonstrate the RF circuit dependence of the turn-on

transient. In the calculation, a current density Jdc = 60 kA/cm 2

is applied to the diode. The output power buildup of an IMPATT

oscillator shortly after the bias pulse is applied is shown in

Fig. 3.3. The output power builds up within 0.4 ns for the RF

I circuit with ,C = 25, while the turn-on time is more than 1 ns

for the circuit with QLC = 75. Growth rate at t = 0 varies from

1.88 x 1010 ( ,C = 25) to 4.81 x 10' (QL,c = 75). Figure 3.4

shows that a 9-GHz frequency decrease (138.2 to 129.2 GHz) is

obtained with QLC = 25, while a 5.5-GHz frequency decrease (135.0

to 129.5 GHz) is obtained with QLC = 50.

3.4 Bias Circuit Dependence

An IMPATT diode is a current-controlled device, and the wave-

form of the bias current passing through the diode is heavily
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dependent on the device properties and the bias circuit. This section

presents the results of an investigation of the effects of the bias

circuit on the turn-on transient. Constant current source, constant

voltage source, and constant voltage source with finite internal

impedance have been used to represent the different bias circuits.

The source impedance is represented by a series of combinations of

a resistor R and an inductor L. The rise time of the bias source

is adjusted by varying the values of R and L.

Normally under constant current operation, the dc voltage

across the diode will drop with increasing RF voltage amplitude. The

turn-on transient for the constant current source case has been des-

cribed in the example in Chapter II. Only the constant voltage source

and constant voltage source with finite impedance will be discussed

in this section. If the voltage across the diode is held constant,

the bias current passing through the diode will increase as the RF

voltage increases. When the constant voltage source with finite

impedance is used as a bias circuit, the dc voltage and the bias

current are not held constant. The dc voltage decreases and the

bias current increases as the RF oscillation builds up. This may

cause low-frequency oscillation.19

Low-frequency instabilities are serious in millimeter-wave

IMPATT diodes, especially DDR diodes which produce the required

higher power and efficiency in the millimeter-wave range. The

maximum frequency for which low-frequency negative resistance exists

in millimeter-wave diodes is larger than that in

microwave diodes. Thus, the suppression of instabilities in higher

frequency diodes is more difficult than in lower frequency diodes.
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Output power will be reduced by low-frequency oscillations, and the

elimination of the low-frequency instabilities is essential in the

oscillator design.

To illustrate the bias circuit dependence of turn-on transients,

a constant voltage source with finite impedance (V, = 83 V, R = 50 0,

and L = 10 nH) as shown in Fig. 2.3 is used as a bias circuit. Figure

3.5 shows that the current density Jdc increases from 0 to 62.8 kA/cm
2

after the step increase of the constant voltage source V . Bias

current continues to increase until the increase of the junction

temperature is significant enough to offset the back-bias effect.

The growth rate a is negative, and the output power is zero

until the current density is greater than 15 kA/cm2. Then, the rapid

increase of bias current causes the growth rate to increase drastically.

Consequently, the RF voltage and the output power start to increase.

Figure 3.6 shows the increase of output power. The output power builds

up to 2 W within 1 ns. The bias current increase and junction tempera-

ture rise contribute to the continuous increase of output power after

'the oscillator is turned on.

Low-frequency negative resistance is determined by the large-

signal back-bias effect, the dependence of the device admittance on

the RF voltage and dc current, and the oscillator circuit constraint

(S) + Y (s) = 0. The load for the low-frequency negative resis-

tance is the bias circuit impedance seen from the diode. A low-

frequency bias circuit is stable when

Rsc +Rind +R > 0 (3.5)

where Rsc is the space-charge resistance of the diode, Rind is the
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negative resistance induced by back-bias effect, and R is the bias

source resistance.

It can be seen from Eq. 3.5 that low-frequency oscillations can

be eliminated by making the bias source resistance R large or by bias-

ing the diode with a constant current source (R = -). However, at

higher frequencies the unavoidable circuit reactances, such as block-

ing capacitors and bias chokes, introduce time constant that will pre-

vent either constant-current or constant-voltage operation of the

diode. Although the space-charge resistance has some stabilizing

effect, it usually cannot prevent the stable condition from being

violated at large RF voltages, and low-frequency oscillations may then

appear.

Figure 3.7 shows the behavior of dc voltage across the diode

Vdc and dc current passing through the diode Idc during turn-on.

Idc and Vdc increase when the RF voltage is small, while Idc increases

and Vdc decreases when the RF voltage is building up. From positive-

and negative-resistance regions of the dc response, Rsc and Rind can

be estimated:

Rsc a 4.8 a (3.6)

and

Rind + R sc -53.9 a (3.7)

From Eqs. 3.6 and 3.7, it can be seen that the magnitude of

Rsc is much smaller than that of Rind. To achieve a stable condition

at low frequency, R > 53.9 0 is desired. The 50-9 bias source

resistance used here is not large enough to eliminate the low-frequency

oscillation.
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3.5 Effect of Injection Locking on the Turn-On Transient

Millimeter-wave oscillators can achieve pulse-to-pulse

coherency by injection locking to low level stable oscillators. At

t = 0, the bias current is negligible, and the IMPATT diode behaves

as a capacitor. The device capacitance Cd at t = 0 is given by

cA (3.8)Cd  =d-

where e is the dielectric constant of the semiconductor, A is the

device area, and d is the device width.

For the Si DDR IMPATT diode used in the calculation, the values

are d = 1 um, A = 1.9635 x 10-  cm2, and c = 1.06 x 10- 12 F/cm 2 , which

gives Cd = 0.208 pF. V RF(0), which is the RF voltage at t = 0, depends

on the frequency of the locking signal fi, device admittance Yd(JwiCd),

RF circuit admittance (G + JBc), and the injection current I:

I.
VRF(0) = 1 (3.9)

EF '(W iC)2 + (G2 + B2)
i d c

and

I, = V8 GP , (3.10)

where wi is the angular frequency cf the locking signal and Pin is

the injection power of the locking signal.

The initial phase angle 8(0) at t = 0 depends on device

admittance, circuit admittance and injection frequency:

6(0) - tan- I {idG c] ". (3.11)

"I 'rT.", ",K, ' , A-W .,C,'.',' ,Z... ... Z'' "" """'. ;..'''.''''""-".. . . " "'.'."" '"
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In this section the effects of the injection locking on the

turn-on transient are described. All the other conditions (bias

* circuit, RF circuit, bias current, etc.) are the same; only the

* injection frequency and injection power are varied. The injection

power of the locking signal Pin = 0.2 W is approximately 10 dB below

*the output power of the free-running oscillator. The oscillator is

simulated with the circuit conductance G = 24.9 mmho, inductor L =

9.39 x 10- 13 H, and capacitor C = 1.4522 pF as shown in Fig. 2.5.

From Eq. 3.10 the injection current I. for the preceeding parameters

is I, = 0.2 A.

To study the effects of injection locking on the pulsed

- oscillator behavior, the following dynamic equations are used:

i dVF

= 1 HF (3.12)
RF dt

4 and

6 = w- i. (3.13)

Therefore, the RF voltage and phase at different times can

be calculated:

VRF(t + dt ) = VF(t) + dVRF (3.14)

and

et + dt) = e(t) + do , (3.15)

where dVRF equals (VRF)dt, d6 equals (w - i )dt, and dt is the time

step used in the calculation. The current values of a and w are

obtained by solving the oscillator equation in the presence of the

locking signal as described in Chapter II.

- 4 4 X-. .-. Xr'j .-" -.t r.-v .- ;.- - -. '..-t.. . *.. x .-. . ..-.- - .. . .
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3.5.1 Effect of Injection Current on the Turn-On Transient.

The effects of the injection current on the turn-on transient

will be studied first while the injection frequency is unchanged. An

injection frequency of fi = 129 GHz is used, and the initial conditions

for the phase and RF voltage are

6(0) - 0.91 rad , (3.16)

and

vRF(0) = I (-5.8) • (3.17)

The free-running oscillator (FRO) was found to have a fast growth

rate and a turn-on time of less than 1 ns with V RF(0) = 0.1 V. The

dynamics of the pulsed injection locked oscillator (PILO) have been

studied. Figure 3.8 shows the RF voltage response of the PILO in the

time domain for different injection current levels Ii . Ii varies from

0.04 to 0.1, i.e., VRF(0) varies from 0.183 to 0.458. As the injection

current I. is increased, the level from which RF oscillation is1

initiated, VRF(0), increases. The turn-on time increases or decreases

depending on the initial phase angle and injection frequency. For

a given initial phase angle e(0) = - 0.91 rad and injection frequency

fi N 129 GHz, the initial growth rate of the PILO remains the same

(5.4 x 1010) for different injection currents and is much larger than

that of the FRO (8 x 109). Thus, the RF voltage builds up faster with

injection locking, and the decrease of turn-on time as the injection

current is increased is mainly caused by the increase of V RF (0) as

demonstrated in Figure 3.8.

Phase response of the PILO is determined by Eq. 3.13. The

large frequency decrease of the free-running oscillator during turn-on
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has been described. This large frequency decrease causes the phase

angle to vary drastically. Figure 3.9 shows the phase response of

the PILO in a time domain for different injection current levels. It

can be seen that phase variation is maximum (phase angle increases from

- 0.91 to 12.9 rad) when I: = 0.0. For I, = 0.1, the phase angle

increases from - 0.91 to 6.94 and then decreases to 6.81 rad in 1 ns.

RF voltage of the PILO can increase or decrease depending on the value

of the phase angle. The large variation of the phase angle when an

injection signal is present causes the RF voltage to remain constant

or even decrease during a portion of the 1 ns as shown in Figure 3.8.

The response of the PILO on the GB plane is shown in Fig. 3.10

when the injection current Ii = 0.0 and the injection frequency f =

129 GHz. At t = 0, HF voltage is small, and the injection vector

II eJ0/VRF (s Yd + Yc) is large. Yd (t = 0) is the device admittance

when bias current is zero. The device admittance Yd (t = 1 ns) at

steady state, the circuit line - Y as a function of frequency, andc

the device line Yd as a function of RF voltage with f - fi are also

shown. It can be seen that the RF voltage is large, and the injection

vector is small at steady state. Figure 3.11 shows the behavior of

VRFe during turn-on under the same locking conditions (Ii = o .o

and f = 129 GHz). The RF voltage increases from 0.18 to 12.8 V,.i
_ and the phase angle increases from - 0.91 to 12.9 rad in I ns.

- * In the previous calculation, a step increase of bias current

(zero rise time) is assumed. To investigate the effect of bias current

rise time on the turn-on transient of PILO, a rise time of 0.5 ns

(current density Jdc increases linearly from 0 to 60 kA/cm 2 in

0.5 ns and remains at 60 kA/cm 2 for the rest of the pulsevidth), with

*, - - o-- -. .... -- , .... .. ... .- * . ... . '-" ** .*.... . . ... ."... . .'"-- -.
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I i - .00 and f = 129 GHz were used. The turn-on time of the PILO

increases as expected when the bias current with finite rise time is

present. The phase angle decreases from - 0.91 to - 1.4 and then

increases to 3.3 rad as shown in Fig. 3.12. Phase response of the

PILO with a step increase bias current is also shovn for comparison.

3.5.2 Effect of Injection Frecuency on the Turn-On Transient.

The effect of injection frequency on the turn-on transient of

a PILO was investigated using an injection current of I I 0.06 A.

Injection frequency fi, calculated initial RF voltage VRF(0), and phase

angle e(0) are as follows:

f. (Gil:) V (0) e(o)

129 0.275 - 0,91

129.5 0.28 - 1.0

130 0.288 - 1.13

131 0.301 1.24

A major influence of the injection Signal on the turn-on

transient is in the response of the phase angle. When there is no

injection signal, frequency deareaes. from 135 to 129.5 Me during

turn-on. The variation of the phase angle is maximum [O(d) varies

from - 0.91 to 12.1 rad] for fi a 129 GHz since the frequency dif-

ference between the injection signal and the free-runing oscillator

is maxium. Figure 3.13 shows the phase response of a PILO for various

injection frequencies. The injection frequency tries frot -129 to

131 GHz.
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3.6 Effect of Photon In.ection on the Turn-On Transient

The influence of the photon injection on IMPATT oscillators

can be understood in terms of the effect photon injection has on the

device admittance Yd' assuming negligible optical dependence of the

microwave circuit admittance. Photon injection effectively increases

reverse saturation current I0, and this increase results in the

variation of device properties. Misawa18 has shown that an increase

in reverse saturation current leads to a premature buildup of the

avalanche current and reduces the phase delay associated with the

avalanche process, which in turn severely reduces the generated output

power and efficiency. If the phase delay is reduced sufficiently,

the negative conductance will be insufficient to overcome the cir-

cuit losses, and RF oscillation will cease at high level photon

injection.

Figure 3.14 shows the buildup of output power at various

optical current densities (Jop varies from 0 to 875 A/cm2 ) when the

diode is biased with a constant current source (Jdc = 60 kA/cm2 ).

It can be seen that output power decreases with increasing optical

current. Output power decreases from 1.9 to 1.5 W when Jop = 500

A/cM 2. The small-signal negative conductance, and hence the initial

growth rate of the RF oscillation, are changed by photon injection.

The initial growth rate of the IMPATT oscillator decreases, and the

turn-on time increases with photon injection. The oscillator is turned

on within 0.7 no when there is no photon injection, and the buildup is

not completed in 1 no when J0,a 875 A/c . Initial grawth rate at the

start of turn-on is maximum (b.- U i( when J op 0 and is minimum

(5 x 10') when Jop " 875 A/cm2.

I r -".' . . . . .". . . ," .*. .. . . .
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Another important parameter is the oscillator frequency

determined by the resonance of the circuit-supplied inductive suscep-

tance with the diode-supplied capacitive susceptance. The capacitive

susceptance of the diode decreases with photon injection level. This

in turn leads to an increase in operating frequency. The simulation

result shows that the operating frequency f at steady state increases
o

with increasing optical current. The operating frequency fo increases

from 129.5 GHz (Jop = 0) to 130 GHz (Jop = 500 A/cm2 ). This resulting

frequency shift, which depends heavily on the circuit Q, is less than

0.5 percent with Jop = 500 A/cm2 . RF voltage at steady state, and

hence the amount of frequency decrease during turn-on, decreases with

increasing optical current.

With an appropriate bias circuit, photon injection can be used

to trigger RF oscillation. To illustrate this phenomenon, a constant

voltage source (20.6 V) with finite impedance (0.5-n bias resistor and

0.2-nH bias inductor) is used as the bias circuit. The microwave

circuit parameters are G = 22.4 mmho, L = 3.04 x 10-12 H, and C = 0.22

pF. Figures 3.15 and 3.16 show the bias current and output power

responses in the time domain when the diode is exposed to various

photon injection levels at t = 0.1 ns. Without photon injection, the

IMPATT diode cannot generate RF power since the bias current is below

the threshold value (J = 15 kA/cm 2 ). When the diode is exposed to

an external optical source, the breakdown voltage and the dc voltage

across the diode decrease. To offset this decrease of dc voltage,

the bias current increases. The degree of current increase depends

on the injection level and bias circuit configuration. Bias current

and output power increase with increasing optical current. With

~~%
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Jop 875 A/cm 2 jdc increases to 35 kA/cm 2, and 0.6 W output

power is obtained at t = 0.1 ns. Low bias resistance is required

to trigger RF oscillation by photon injection. When the bias

resistance is large, the current increase is too small to turn on

the oscillator.

Figures 3.17, 3.18 and 3.19 show the responses of the bias

current density, Jdc' output power PRF and junction temperature

T to various optical current levels applied at t = 0.1 ns. With

Jop = 500 A/cm 2, Jdc increases to 90 kA/cm 2 at t = 1.75 ns. The

bias current keeps increasing until the temperature rise of the

device is significant enough to offset this current increase. The

device dc and ac properties used in the simulation program were

generated by Burmawi, and the maximum bias current density is

60 kA/cm2 . The device admittance of Jdc a 90 kA/cm2 was not

available. With Jop = 875 A/cm2 , Jdc increases to 49 kA/cm 2,

1.1 W output power is obtained and the junction temperatur- 'acreases

to 3120K at t = 1.8 ns. This temperature rise causes the de voltage

across the diode to increase and the bias current to decrease

accordingly. Jdc decreases to 19 kA/cm 2, output power drops to

zero and the junction temperature increases to 3260K at t - 5 ns.

It can be seen that the photon injection can be used to trigger

the RF oscillation. This RF oscillation can be short pulse or

long pulse depending on the photon injection level, temperature

behavior and the bias circuit configuration. It is apparent that

a thermal instability occurs for J = 500 A/cm2, and that theop

response is very sensitive to the value of Jop"

Lop
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3T Turn-On Jitter

Turn-on Jitter is the variation of the leading edge of

the output power with respect to the time the bias current pulse is

applied to the diode. Pulsed IMPATT oscillators show detectable

turn-on Jitter. RF power displayed on an oscilloscope shows a

blurred front edge Jitter. All exponentially growing systems

including pulsed oscillators must start from a finite amplitude

if they are to build up to a larger amplitude in a finite time.

In the case of the free-running IMPATT oscillator, the starting

level is generated by the high frequency component of the noise

voltage. The time-dependent RF voltage of the oscillator has an

amplitude which can be described by21

v y(t) - vR1(o) ea(t)t , (3.18)

where a(t) is the time-dependent growth rate of the RF voltage,

and VRF(0) is the initial amplitude of the RF voltage at t = 0,

when the bias pulse is applied to the diode.

Since V RF(0) is noise generated, its amplitude may vary

from pulse to pulse. If the noise is purely random, it will

have Rayleigh probability distribution which has the form

x ex2/2b forx1
Pr(x) = , (3.19)

0 for all other cases

where b > 0 and x ( V ().
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The mean and the variance of this distribution are,
2

respectively u = VSbir/2 and 2F (0) = (2 - w/2)b as is easily
'VRF

verified by direct integration. Figure 3.20 shows the Rayleigh

probability distribution with VRF(O) = 0.1.

V is the RF voltage at steady state, and t is defined asSS on

the time when VRF increases to one half of V . Figure 3.21 shows

the decrease of ton as initial RF voltage increases. All other

devices (J = 60 kA/cm2 ) and circuit parameters are unchanged in

the calculation. The mean of t ison

<ton> = ton(x)Pr(x) dx . (3.20)

The variance of t is
on

o [ton(x) - .ton>]2Pr(x) dx (3.21)

The mean of ton is 0.57 no and ajitter' the standard

deviation (square root of the variance)of ton , is 6.55 x 10-2 no

with aVRF(O) = 0.1 Figure 3.22 shows that ajitter increases with

GVRF(O) as expected.

For a given diode and pulse generator, the bias circuit and

microwave circuit can be optimized to achieve the minimum turn-on

jitter of a free-running oscillator. With an external injection signal

or optical injection, the successive pulses start from relatively

constant VRF(0). Thus the jitter can be greatly reduced.

........................... . . . . . . . .
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3.8 Effect of Ambient Temperature

In this section the effect of ambient temperature on the

turn-on transient will be described. Reliability of a semiconductor

device is a function of its operating junction temperature TJ.

In order to maintain the desired reliability, the maximum junction

temperature TJmax is constrained, as is the allowed junction tempera-

ture increase AT = TJ'max - Ta , where Ta is the ambient temperature.

An oscillator operated under high ambient temperature (smaller AT)

generates less output power since the bias current is limited by

AT. IMPATT diodes can be operated at lower bias current to improve

reliability at the expense of reduced output power. Devices operated

at a lower Ta may generate additional power by application of

higher bias current.

For J = 60 kA/cm 2 , the magnitude of the small-signal Gd at

300*K is larger or smaller than the magnitude at 500'K depending

on whether oscillation frequency f is greater or less than 134 GHz,

respectively. Figure 3.23 shows the buildup of RF power as a

function of ambient temperature. T varies from 270 to 3300 K.7 a

Since oscillation frequency at t = 0 is 135 GHz, the initial growth

rate decreases, and the turn-on time increases with increasing

ambient temperature. Output power at steady state increases with

ambient temperature as expected.

. Conclusions

In this chapter the oscillator model developed in Chapter 11

was used to study the dependence of oscillator turn-on transients

i%
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on bias current, RF circuit characteristics, bias circuit

characteristics, injection locking, photon injection and ambient

temperature. As the bias current increased, the output power and

oscillation frequency increased at steady state. With increasing RF

circuit Q, the delay time between the bias pulse and output power

increased while the frequency drift during turn-on decreased. When

a constant voltage source with finite impedance was used as bias cir-

cuit, the bias current increased, and the output power built up after

the step increase of the voltage source. As the injection current

increased, the initial RF voltage increased, and the output power built

up faster. With increasing optical current, turn-on time increased,

output power decreased and operating frequency increased at steady

state when the diode was biased with a constant current source. Photon

injection was used to trigger RF oscillation when a constant voltage

source with finite impedance was used as bias circuit. Increase of

ajitter of a free-running oscillator with increased aVF (O) was

illustrated. The effect of ambient temperature on the turn-on transient

was also described. The information obtained in this chapter can be

used to improve the performance of pulsed IMPATT oscillators. The

RF circuit can be designed to achieve minimal turn-on time. Injection

locking and photon injection can be used to reduce the turn-on jitter

and tune the oscillation frequency.
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CHAPTER IV. CONTROL OF THE POST TURN-ON TRANSIENT

4.1 Introduction

Millimeter-wave oscillators can have a wide range of duty

cycles (continuous wave, short pulse, and long pulse). One of the

problems in millimeter-wave pulsed IMPATT oscillators is the frequency

drift caused by the temperature rise of the diode during the bias

pulse. The high bias current required for high power oscillation

results in a negative frequency drift of several percent during the

pulse as described in Chapter II.

For some systems, post turn-on frequency drift is acceptable.

For others the combination of frequency drifts caused by device

temperature rise and ambient temperature variation may take the

oscillation frequency out of the receiver bandwidth or compromise

some other system parameters. It is, therefore, often desirable to

reduce or eliminate the post turn-on frequency drift. To improve

the post turn-on frequency drift of pulsed oscillator, a number of

techniques are available2292 3 including the following: (1) varying

the dc bias voltage of a varactor diode located near the IMPATT diode;

(2) high Q circuit; (3) using a ('W oscillator followed by a microwave

switch (such as a PIN diode); (4) use of a capacitor with negative

temperature coefficient; (5) shaping the bias current waveform;

(6) applying a time-dependent optical injection while the bias current

remains constant, and (7) injection locking. These tEchniques have

various advantages and disadvantages. The first four techniques are

discussed briefly here, and the others are described in the following

sections.

-108-
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h.1.1 Varactor Compensation. By inserting avaractor diode

nA 9/2 away from the diode, a small but useful amount of electronic

tuning can be obtained. The frequency in a pulsed solid-state

oscillator has an almost exponential dependence with time as shown

in Chapter II. By applying a nonlinear upward voltage biasing V(t)

to the varactor [V(t) increases with time during the pulse], the

susceptance of the varactor decreases with time. Therefore, the

frequency of the oscillator can be adjusted to increase during the

pulse by almost the same magnitude as the frequency drop caused by

device heating.

. .2 High q Circuit. Post turn-on frequency drift can be

improved by using a high Q circuit as shown in Chapter ii. A smaller

drift value (Af/At) can be achieved by this method. However, the

delay time between the output power and the bias pulse increases

with circuit Q.

'- 4.l.3 Microwave Switch. When a CW oscillator is followed by a

microwave switch, the low drift pulsed oscillator can be realized, and

the problem of turn-on transient may also be avoided by turning on and

off the microwave switch appropriately. This technique reduces the

frequency drift during the pulse but at the expense of less peak power

and an extra component (microwave switch). The peak power of the
.5

oscillator is limited to the maximum output power under CW condition.

4.1 4 Capacitor with Negative Temperature Coefficient. A simple

frequency stabilization method using a ceramic dielectric has been

demonstrated by Kondo. The increase of diode capacitance causes

the oscillation frequency to shift lower when the bias current is

"held constant, and the cavity expansion due to the temperature rise also
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invites the same result on frequency response. When a ceramic capacitor

C with a negative temperature coefficient (C decreases with temperature)

is loaded in parallel with the diode package, the susceptance changes

of the diode and cavity are compensated, and the oscillator would have

less post turn-on frequency drift. Advantages of this technique are
I,

simplicity and low cost.

4.2 Bias Current Compensation

Since the device admittance is dependenton the bias current, the

amount of post turn-on frequency drift can be controlled by shaping

the waveform of bias current pulse applied to the diode. Device con-

ductance Gd and susceptance Bd of the IMPATT diode both decrease with

an increase of the bias current. The influence of the bias current

shaping on the frequency drift can be understood qualitatively from

Eq. 4.1 which has been derived in Chapter II:

: (Bd + B )
d c Af = AAT + A , (4.1)
af 1 2 dc

q

where

h d  Gd  aBd3Bd 1 d d
* -~V aG3Aa (14.2)

2 aV RF Gd /aV RF a1dc a1dc

Both the first and the second terms (Bd/aIdc) of Eq. 4.2 are

negative, so that the sign of A2 has to be determined quantitatively.

To evaluate the current coefficient A2, the following parameters

estimated at the operating point when T = 300 0K and J dc 60 A/cm 2

are used for the millimeter-wave IMPATT diode: DB d/9V = 1.09 x 10-2

mho/V, aGd/aV = 2.1 x 10- 3 mho/V, aGd/aIdc = - 1.83 x 10-2 mho/A,
a d _



When these parameters are substituted into Eq. 4.2, the value of

A2 is obtained as

A2 = -9.5 x 10 - 2 + 1.14 x l -1  = 1.9 x 10 - 2 mho/A

It has been demonstrated that frequency decreases with tempera-

ture (AI < 0). The calculated result (A2 > 0) suggests that art

appropriate bias current waveform can be used to compensate the

variation of the device admittance due to the thermal effect and pro-

vide an improvement of the frequency drift produced in the pulsed

oscillator. In this chapter a post-in-waveguide circuit is used as

the circuit model. The circuit and package parameters are described

in the appendix.

An increase of dc current results in more dissipated power and

accordingly more temperature rise. To compare the effects of various

bias current waveforms on the frequency drift, the temperature rise

during the pulse has to be taken into consideration. Figure 4.i shows

the various bias current density waveforms used to study the effects of

current shaping on the frequency drift and power variation of pulsed

IMPATT oscillators. For curve E, current density Jdc increases from

45 to 75 kA/cm2 linearly during the 40-ns pulsewidth. The current

waveforms are chosen to give roughly the same junction temperature

rise AT.

Figure 4.2 shows the frequency responses of the pulsed oscillator

under various current waveforms. When there is no current compensation

(curve B), the junction temperature rise is 167.5*C, and the frequency

decrease caused by the temperature rise is 3.7 GHz (frequency decreases

from 119.1 to 115.4 GHz). The temperature coefficient (f d/AT) is
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22.1 Miz/C, where fd is defined as the difference between the maximum

frequency f and the minimum frequency fmin. The temperature rise

of the oscillator with current compensation (curve E) is 187.70C, and

f is 2.1 GHz (f = 118.0 GHz, f = 115.9 GHz). The temperature

d max min 159 m)

coefficient 11.2 MHz/OC is only one-half of that due to the flat

current. It can be seen that the frequency drift is varied by bias-

ing the diode with a current pulse having a time-dependent amplitude,

and the amount of frequency drift fd decreases with upward current

compensation. For curve E, the oscillation frequency decreases from

118.0 to 115.9 GHz and then increases to 116.6 GHz. The reason for

this frequency increase is that the frequency drop caused by the ther-

mal effect is over-compensated by the current increase.

Figure 4.3 shows the power variation of the pulsed oscillator

under various bias current waveforms. When there is no current com-

pensation, output power increases from 1.3 to 3.27 W. With upward

current compensation (curve E), output power increases from 1.03 to

4.15 W. It can be seen that the amount of power variation increases

with an upward current waveform although the frequency drift is

improved.

Since the temperature increases and frequency decreases expon-

entially in the time domain, an exponentially increasing current wave-

form may achieve less frequency drift than that due to a linearly

increasing current waveform. Figure 4.4 shows the exponentially in-

creasing current waveforms used to study the effects of exponentially

and linearly increasing current waveforms on the frequency drift. For
-t/ th

curve I, current density Jdc 0 75 + (45 - 75) e hkA/cm2 , where

Tth (11.24 ns) is the thermal time constant. Figure 4.5 shows the

rt
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frequency responses of the pulsed oscillator with exponentially

increasing current waveforms. For curve I, the temperature rise of

the diode is 2020C, and fd is 1.9 GHz (fax = 118.1 GHz, f min = 116.2

GHz). The temperature coefficient of 9.4 MHz/0 C is better than that

of curve E (11.2 MHz/0C, Jdc increases from 45 to 75 kA/cm 2 linearly).

4.3 Current Waveform I dc(t) to Achieve Minimal Post Turn-On

Frequency Drift

Although the post turn-on frequency drift can be reduced with

linearly or exponentially increasing current waveform, it is still

desirable to have a current waveform Idc(t) such that the minimal

frequency drift during the pulse is obtained. This optimum current

waveform can be derived from Eq. 2.23:

I dc(t I + At) = I dc(t ) + Aldc

where At is the time step, and Aldc is the difference of dc current at

t + At and t1 .

Then, if Af = 0 (no frequency drift during At) is assumed,

Eq. 2.23 becomes

AId = -(A I/A2 )AT

= - (Al/A )RthPd

- (A1/A 2 )Rth(V d c l dc - PRF )

(A /A2 )Rth{[VB(T) + Rsc dc + VR(VRFT)II - PRF }

( .3)

.- , ..-9 - ,* . -. -, -,, ,,- ,, ,* . -_ S - o - .- • .. . . .. ., . ... - ,
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where

ABd 1 aGd 3Bd
Ai RF Gd /aVRF DT

B d I DG d aBd

2 aVRF Gd/3V RF aIdc aIdc

and AT is the difference of Junction temperature at t + At and t

* When the temperature dependence of circuit admittance is negli-

gible (Bc /3T = 0), A,, A2 , Rth, VB R and VR depend on the device

dc and large-signal properties only. These parameters (dc and large-

signal device admittance as functions of RF voltage, temperature, and

dc current) are known at the frequency range of interest, and the

optimum current waveform I dc(t) to achieve minimal frequency drift can

be determined.

Figure 4.6 shows the optimum current waveform J dct) obtained

from Eq. 4.3. The current density Jdc increases from 31.5 to 71.2

kA/cm2. This waveform is chosen such that the temperature rise during

the pulse is the same as that from a constant current pulse. Figure

4.7 shows the frequency responses caused by the optimum current wave-

form and constant current bias. It can be seen that constant frequency

is achieved during the pulse with optimum current waveform. This

waveform can be obtained through a pulse modulator.1 6 The pulse

modulator must provide fast rise-time current pulses and proper adjust-

ment for current shaping. The magnitude of frequency drift can then

be adjusted for a specific application.
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4.3.1 Dependence of Optimum Current Waveform on tht Operating

Point. Three operating points (A, B and C) as shown in Fig. 4.8 are

used to illustrate the dependence of optimum current waveform on

the operating condition. The operating points A, B and C are chosen

to have maximum power at f = 115, 124 and 130 GHz, respectively,

with bias current density Jdc = 30 kA/cm 2 . The device diameter is

50 pim and the microwave circuit parameters used for different

operating points are shown below.

Operating Point G (mmho) L (h) C (pF)

A 19.3 1.34 x 10-12 1.25

' B 23.9 1.01 x 10- 1 2  1.44

C 25.9 8.89 x lo-1 s  1.37

These circuit parameters are chosen to have C = 50. Figure

4.9 shows the optimum current waveforms for these operating points.

It can be seen that the bias current may increase or decrease with

time depending strongly on the operating point. Jdc increases with

time for operating point A and decreases with time for operating point

C. For the operating point b, bias current remains relatively con-

stant during the pulse. Frequency drift during the pulse is eliminated

for each operating point. Figure 4.10 shows the output power

responses for these optimum current waveforms. The power variation

during the pulse is very small for the operating point B. Figs. 4.9

and 4.10 indicate the possibility that constant frequency can be

obtained with a constant bias current (case B) by proper selection

of the operating point.

li , . i [4,--,... "*. . . . . . . . . . . . . . . . . . ..". . ..". . . . . .-""" -_,/ ', ,.-- : ,... ,. , t " . % "
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4.3.2 Device Preheating. Frequency drift can be reduced by

heating the device to the steady-state temperature in a short time

and keeping the temperature constant for the rest of the pulsewidth.

Since the frequency drift is caused by the temperature rise, the

frequency will remain constant after the steady-state temperature

is reached. This preheating technique is demonstrated through an

example in this section. Figure 4.11 shows a preheating bias

current waveform. The bias current density Jdc increases from 0 to

90 kA/cm 2 with finite rise time of 1 ns, remains at 90 kA/cm2 until

t = 7.5 ns, decreases from 90 to 30 kA/cm 2 in 1 ns and remains at 30

kA/cm 2 for the rest of the pulsewidth. It can be seen from Fig. 4.12

that the junction temperature increases from 300 to 3850K in 8.5 ns

and remains at that temperature. The junction temperature can be

increased to this steady-state value in a shorter time by applying a

higher bias current. The maximum current density used in the simula-

tion program is 60 kA/cm 2. Although a higher bias current can be used

in a practical oscillator circuit, J of 90 kA/cm 2 is the highest
de

possible current density used in the simulation program to generate

meaningful results. The temperature response of a flat current pulse

(Jdc = 30 kA/cm2 ) is also shown for comparison. Figure 4.13 shows

that the frequency is constant (f = 115 GHz) after t = 8.5 ns. The

frequency transient before t = 8.5 ns is undesirable and can be reduced

by faster preheating.

One disadvantage of this technique is that the power used to

heat the device does not generate the RF power at the desired fre-

quency. In the example, the operating efficiency is only 55 percent.

The operating efficiency n is defined by

.' ,% . , , r . -..- . -.- .. ''''' .''''" ' ...... '., ' -,' , " '- " " " '- " "" .
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(RF energy at desired frequency/total input energy)2reheating

(RF energy at desired frequency/total input energy)flat current

P4 x 30 a di eorcent
1 90 x 8.5 + 30 x 31.5 5

In the estimate, constant dc voltage is used for different

current levels.

4.4 Optical Injection Compensation

The current produced by photon injection is subject to

multiplication in the same way as the reverse saturation current. A

small-signal analysis which describes the primary effects of photon

injection on the IMPATT diodes has been derived.25 Photon injection

produces an increase in device conductance Gd and a decrease in device

susceptance 2 6" 29 Bd . Variation of device admittance with photon

injection is strongly frequency dependent, and much greater variation

occurs at the lower range of operating frequencies of a given IMPATT

diode.1 4 Therefore, the output power and oscillation frequency of

the IMPATT oscillator can be controlled by photon injection. Injec-

tion at high intensity can be used to quench oscillation. Photon

injection at low intensity can be used to modulate the amplitude and

frequency of an IMPATT oscillator. The amount of modulation also

depends on the microwave circuit and the operating condition.

It has been demonstrated that photon injection can be used to

control the behavior of TRAPATT oscillators. 30 Frequency drift during

the pulse may be eliminated by illuminating the device with an ade-

quately shaped optical pulse. Under constant current bias, the effect

of photon injection is to shift the oscillation higher in frequency.
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The reduction in frequency drift is larger for a time-varying optical

pulse that increases more rapidly in intensity.

The influence of optical current shaping on the frequency drift

can be described by Eq. 4.4, which is derived in the same way as the

derivation of Eq. 2.23, i.e.,

-(Bd + Bc)
f Af = AAT + AAI (4.4)

1f 3 OP

where
3Bd 1 3G d Bd

As 3 VRF Gd /V 3iop 8iop

To evaluate A the device properties are summarized as follows:

1. The device susceptance Bd increases with RF voltage

2. The device conductance Gd increases with RF voltage

(G Gd/aVF > 0).

3. The device conductance Gd increases with optical current

( Gd /IOP > 0).

4. The device susceptance B decreases with optical current

(aBd/9Iop < 0).

The calculated result (A3 > 0) suggests that the frequency drift

during the pulse can be reduced with a time-varying optical current waveform.

Under constant current bias (Jdc = 60 kA/cm2 ), the behavior of

the IMPATT oscillator with photon injection has been studied. Figure

4.14 shows the various optical current waveforms used to study the

effects of optical current shaping on the frequency drift and power

variation of the pulsed IMPATT oscillator. For curve E, optical curreiit

density Jop increases from 0 to 1750 A/cm 2 linearly during the 40-ns

pulsewidth.
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Figurel.15 shows the frequency responses of the pulsed oscillator

under various optical current waveforms. The temperature rise of the

diode with optical compensation (curve E) is 169.10C, and fd is 2.5

GHz (fmax = 119.2 GHz, fin = 116.7 GHz). The temperature coefficient

of 14.8 MHz/OC is smaller than that without compensation (22.1 MHz/°C,

curve A). It can be seen that the frequency drift decreases with

upward optical compensation. For curve E, frequency decreases from

119.2 to 116.7 GHz and then increases to 117.0 GHz. The reason for this

increase is that the frequency decrease caused by temperature rise

is over-compensated by optical current.

Figure 4.16 shows the power variation of the pulsed oscillator

under various optical current waveforms. When there is no photon

injection (curve A), the output power increases from 1.3 to 3.27 W.

With upward optical compensation (curve E), output power increases from

1.3 to 2.1 W and then decreases to 1.9 W. It can be seen that power

variation and the frequency drift are improved with upward optical

compensation.

To study the effects of exponentially and linearly increasing

optical current waveforms on the frequency drift, the exponentially

increasing optical current waveforms as shown in Fig. 4.17 are used

in the simulation. The calculated results indicate that the temperature

rise of the diode remains the same. Figure 4.18 shows the frequency

responses of the pulsed oscillator with exponentially increasing

optical current waveforms. For curve I, the optical current density
-t/Tth 2

J OP - 1750 (1 - e ) A/cm 2 and frequency decreases from 129.3 to

116.9 GHz during the pulse. This frequency drift is the same as that

of the linearly increasing optical current waveform (curve E, Fig. 4.35).

; .- ', 2 u '-¢ ' . .'-, . , "--.. € .- - ..,* - .- . . .-. - . - :- - -.- . - ..--, , . -. . -



-I34-

117. E

Its

0. 10. 20. SO. %0.

TIME (MS)

FIG. 4.15 FREQUENCY RESPONSES OF THE PULSED OSCILLATOR UNDER VARIOUS

OPTICAL CURRENT WAVEFORMS.



-135-

NA

.- .....

i 3.

ID

0.. 14 0

TINEf ENS)

- FIG. 4.1L6 POWER VARIATIONS OF THE PULSED OSCILLATOR UNDER VARIOUS

OPTICAL CURRENT WAVEFORMS.



-136-

4 2000.

1500.

l00.F

A

010. 20. t0o1.

TIME t35)

V ic. 4.1.7 EXlPONENTIALLY INCREASING OPTICAL CURRENT WAVEFORMS.



4T7-.77 7..

-137-

its.

its.

its.
110.

=H
UG

t.

117. -

-F
11s.

0. 10. 20. SO. %0.

TINE (951

FIG. 4.18 FREQUENCY RESPONSES OF THE PULSED OSCILLATOR WITH EXPONEN-

TIALLY INCRFASING OPTICAL CURRENT WAVEFORMS.

51 i: "" ',.% ; :':,' : ; "'"" "'-" "" " : ', , ":" " " -' . .. ;" " " "" "



-138-

41.5 Otical Current Waveform I op(t) to Achieve Minimal Post

Turn-On Frequency Drift

An expression of the optical current waveform Iop (t) to achieve

the minimal post turn-on frequency drift is desirable. This waveform

can be obtained from Eq. 4.4:

Sp(t + At) = Iop(t ) + AIop

where At is the time step, and AI is the difference of opticalop

current at t + At and t

Then, if Af = 0 (no frequency drift during At) and a constant

dc curreri d uring the pulse is assumed, Eq. 4.4 becomes

&Iop = - (AIA 3)AT , (4.5)

where AlOP, A1 , As and AT are functions of time, and AT is the

temperature rise between t. + At and tI.

When the temperature dependence of circuit admittance is

negligible, A1 , A3 , Rth, V B Rsc and VR depend on the device dc and

large-signal properties only. These parameters are known at the

frequency range of interest, and the expression I OP(t) to achieve

minimal frequency drift can be determined.

The optimum optical current waveform obtained from Eq. 4.5 is

shown in Fig. 4.19. The optical current density J increases fromop

0 to 3.7 kA/cm2 during the 40 ns pulsewidth. In the calculation

the diode is biased with constant current pulse (Jdc = 60 kA/cm2 ).

Figure 4.20 shows the frequency response caused by the optimum

optical current waveform. The post turn-on frequency drift without

. ... 4 . . ... 11 hi m , n,, •-. .
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optical compensation is also shown for comparison. It can be seen

that frequency drift during the pulse is eliminated.

A.6 Injection Locking

Injection locking is a conventional technique to stabilize the

frequency and tune solid-state oscillators. There are several types

of injection locking:
3 1

1. Fundamental frequency injection locking: The injection

frequency fi is nearly equal to the free-running frequency to be

locked f0 .

2. Subharmonic injection locking: fi 4c nearly equal to (l/n)f o,

where n is an integer larger than one. A low-frequen-y signal can

be used for injection but the locking bandwidth becomes narrower when

n is increased.

3. Sideband-wave injection locking: Two injection frequencies

are used; one is a low frequency signal finj,i and the other with

frequency f inj, f0  finjl*

CW and pulsed oscillators can be stabilized in frequency by

injection of a low-level signal into the oscillator through a circula-

tor. In the simplest case, the injection frequency is nearly equal to

that of a free-running oscillator. When the difference between two

frequencies is sufficiently small, the oscillator will be locked and

the frequency difference becomes negligible. This section describes

the performance of a short pulse (40 ns), low duty cycle, and pulsed

injection locked oscillator. The RF voltage and phase transients in

the time domain and the effects of the injection power and frequency

on the transient behavior can be studied.32 In the calculation the

following parameters are used: injection frequency fi = 117 GHz;

m ........
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injection power P. = 0.2 W (10 dB below the output power of thei in

free-running oscillator); circuit conductance G = 20 mnho; circuit

susceptance B = - 117 mmho; initial phase angle e(0) = - 1.06 rad;~C

device capacitance C = 0.208 pF; and injection current I. = / GP. =d X in

o.18 A.

For a given injection current and frequency, the initial RF

voltage VRF(0) is given by

I.
V RF1(0) )2 1 2 0.93 V

/(Wi C )2 + (G2 + B2)

id C

Without injection locking, the temperature increase causes the

frequency to drift under a flat bias current pulse (J = 60 kA/cm2 ).

In the case of an injection locked oscillator, the leading edge

portions of the RF oscillation are not locked because of the large

frequency transients during turn-on, and the oscillator is locked

after the oscillation buildup is accomplished. With injection locking,

frequency drift during the pulse is eliminated, and the oscillator

is not locked during turn-on. When injection power is decreased,

the locked portion of the pulse width decreases as shown:

I i (A) Locked Portion (ns)

o.18 2 to 4o

0.12 3 to 21

0.06 6 to 15

Response of the PILO on the GB plane is shown in Fig. 4.21

vhen the injection current Ii a 0.12 and injection frequency fi

117 GHz. The circuit line as a function of frequency - Y c(f),

ic
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the device line Yd as a function of RF voltage and junction temperature

with f = f., and the injection vector when the oscillator is locked

are also shown. It can be seen that the oscillator is locked only

when the junction temperature is between 336°K (t = 3 ns) and 4 39'K

(t = 21 ns).

4.7 Conclusions

A number of techniques to reduce the post turn-on frequency

drift were described in this chapter. Advantages and disadvantages

of varactor compensation, high Q circuit, microwave switch and

capacitor with negative temperature coefficient were discussed.

With upward current compensation, power variation increased, although

the frequency drift improved. The analytical expression of a current

waveform to achieve the minimal frequency drift was derived. Elimina-

tion of the post turn-on frequency drift was demonstrated with this

optimum current waveform. Frequency drift and power variation were

improved with upward optical compensation. The expression of optimum

optical current waveform was obtained, and the elimination of post

turn-on frequency drift was illustrated. Use of injection locking

to reduce the frequency drift was also studied. It was shown that

the locked portion decreased with decreasing injection power as

expected.



CHAPTER V. SUMMARY, CONCLUSIONS AND SUGGESTIONS

FOR FURTHER STUDY

5.1 Summary and Conclusions

The primary goal of this study was to obtain an improved

understanding of pulsed oscillator properties primarily in the

millimeter-wave frequency range. To reach this objective the first

part of this work included an oscillator model which can be used to

investigate the dynamic behaviors of pulsed and CW oscillators. The

second part described the effect of external influences on device

behavior and performance as oscillators, techniques to control the

post turn-on frequency drift, and device and circuit design to

optimize the oscillator performance.

In Chapter II the oscillator model to investigate the static

and dynamic behavior of a free-running or injection locked pulsed

oscillator was described. Turn-on, post turn-on and turn-off

transients of the pulsed oscillator were obtained by solving the

oscillator, thermal, and bias circuit equations simultaneously.

Device admittance, circuit admittance, thermal resistance and

thermal-time constant required for the oscillator analysis were

obtained by theoretical calculation. Usefulness and limitation

of this oscillator model were described. Buildup of RF oscillation,

temperature increase, frequency drift, and power variation during the

pulse and decay of the RF oscillation were illustrated through an

example.

Oscillator turn-on transients and their dependence on

device and circuit parameters were described in Chapter III.

_1145-
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The effects of bias current on the oscillator frequency and output

power, of RF circuit on turn-on time and frequency response, of low-

frequency bias circuit on the oscillator performance, and of injection

signal on the turn-on transient were described. Also, influences of

photon injection on output power under various bias conditions,

*simulated turn-on jitter and the effect of ambient temperature on

turn-on transient were illustrated.

The techniques to control the post turn-on frequency drift

were described in Chapter IV. Advantages and disadvantages of

various techniques were discussed. Influences of bias current

compensation on the frequency drift and power variation were des-

cribed qualitatively. Influence of optical injection compensation

on the frequency drift and use of injection locking to control the

frequency drift were illustrated. The effects of the injection

power and injection frequency on the locking result were discussed.

5. Suggestions for Further Study

Although the oscillator model developed in this investigation

provides good simulation results and insight into the device-circuit

interaction of oscillators, there are several additional topics

which need further study. They are:

1. Experimental studies of pulsed and CW oscillators.

2. Comparison of the developed oscillator model and experi-

mental results.

3. Full simulation (small-signal and large-signal simulation)

of the optimum device design to minimize the post turn-on frequency

drift.
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4.* Device fabrication and circuit design to minimize the post

turn-on frequency drift.



APPENDIX

CIRCUIT MODEL USED IN CHAPTER IV

The circuit model used in Chapter IV is a post-in-waveguide

circuit16 which has the following circuit and package parameters:

waveguide width = 65 mil,

waveguide height = 15 mil,

radius of the bias post = mil,

bias post position = 32.5 mil,

waveguide short position = 19 mil,

length of the bias coaxial line = 45 mil,

load of the bias coaxial line = 0,

characteristic impedance of the bias coaxial line = 50 Q,

package parasitic inductor L = 0.03 nH, and
p

package parasitic capacitor C = 0.1 pF.~p

Figure A.1 shows the calculated circuit admittance as a

function of frequency seen from the diode chip. In the calculation,

the package inductance and capacitance are taken into consideration.

-1148-
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FIG. A.1 NEGATIVE OF CIRCUIT ADMITTANCE AS A FUNCTION OF FREQUENCY

SEEN FROM THE DIODE CHIP.
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