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Effects of Depletion-Layer Modulation
on Spurious Oscillations in

‘IMPATT Diodes
D. TANG, MEMBER, IEEE, AND G. I. HADDAD, FELLOW, lEEE

Abstract—A theoretical analysis of the effects of depletion-layer

modulation on spurious oscillations in IMPATT diodes is given. The
relationship between the magnitude of the depletion-layer modula-
tion, circuit impedance and threshold for degenerate instabilities is
presented.

I. INTRODUCTION

I MPATT diode microwave amplifiers and oscillators

frequently exhibit certain spurious “parametric oscilla-

tions” near or at the subharmonic of the signal frequency,

when the RF excitation exceeds a threshold level, which is

dependent upon the device and circuit and often occurs

below the power saturation point. Hines [1], Peterson [2],

and Schroeder [3~gave detailed analyses on these paramet-

ric effects for a Read-type diode. They analyzed the paramet-

ric instabilities based on the nonlinear relationship between

the avalanche current and the voltage across the avalanche

region. Parametric components (at frequencies other than

the pump frequency but whose sum is equal to the pump

frequency) may exist in these devices. These current com-

ponents flow through the drift region, experience a phase’

change and induce a current in the external circuit. The

interaction between the current components and the circuit

may lead to self-sustaining voltages at these parametrically
related frequencies even without any external sources at

these frequencies. The expressions for determining the in-

stability threshold were given in [1, eqs. (23) and (35)]. It

was emphasized there that circuit impedance may either
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suppress or enhance the occurrence of the instability. Based

on the work of Hines [1], Schroeder [3] derived the circuit

impedance conditions required for unconditional stable

operation and for avoiding parametric instabilities in the

IMPATT diode circuit.

Generally, the IMPATT diode has a nonpunch-through

structure and its depletion-layer width is modulated con-

siderably by the RF voltage [4], [5]. The objective of the

present investigation is to examine the effect of the de-

pletion-layer-width modulation on the parametric instabil-

ities. The original analysis of [1] concerning the parametric

components in the avalanche region is retained [1,(1)-(16)].

The change of the phase relationship in the drift region is

examined including the nonlinear capacitance effect, and

due to the complexity of the mathematics some assumptions

are made. These assumptions and results are discussed as

they arise.

II. THEORETICAL ANALYSIS

A typical high-efficiency structure for an IMPATT diode is

selected for this analysis. It is of the low–high–medium

doping type. Fig. 1 shows the electric field profile of this

structure. The metallurgical junction is at x = O. The diode

is divided conceptually into an avalanche region with fixed

width x. and a drift region with a time-varying width x~,

which is approximately proportional to the square root of

the terminal instantaneous voltage. The RF terminal voltage

consists of two parts. One is the large microwave periodic

excitation, called the pump signal, at frequency COP,and the

other is a small applied signal at frequency coo, which mayor

may not be harmonically related to the pump frequency.

This small signal is applied as a perturbation and is assumed

to be sinusoidal. Because of the nonlinearity of the ava-

lanche process, multiple responses occur at various new

frequencies that are sums and differences of the various

harmonics of the frequencies applied. The main interest here
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Fig. 1. Field profile of a low-high-medium doped IMPATT diode.

will be in the applied signal below the pump frequency and

its image frequency co. ~ = COP— O.)O.It has been shown that

the avalanche region behaves as a nonlinear inductor in

parallel with a linear capacitor, and the current-voltage

relationship is given as [1]

[$-ll=’d::l]

(1)

where the subscripts O and – 1 indicate quantities at

frequency co. and o _.l, respectively. V. and 1. are the

avalanche-region voltage and particle current, respectively,

and both are sinusoidal (the time-dependent terms e@Ofand
e–l ‘-‘t are suppressed). [Y.] is a 2 x 2 matrix and is given by

rL-- 31

~. = the avalanche region transit time

10 = the dc current

u’ = dc.t/dE

u = the field dependent ionization rate

(2)

I ~ ~ = the fundamental Fourier components

of the pump current.

The total current [I,] is the sum of the avalanche (particle)

current and the displacement current jcoC.

rj~oca(l - Lo) Ml
1

or

where
Co = &A/xa

to= (dCDO)2 = lILCW:

LI = (do-~)’= l/L.C’JDZi

A = the cross-sectional area.

(3)

It is assumed that the avalanche current generated in the

avalanche region drifts “undistorted” through the drift

region at the saturated drift velocity u,. The short section

near the end of the drift region, where the carrier velocity is

not saturated, is neglected.

Therefore the avalanche current in the drift region is equal

to J. e-jOx/”s. The local electric field E(x) induced by this

particle current is given by

dE(x)
— = Jt – Jae-jmx/u,

c dt

or

Therefore the drift region voltage can be found by integrat-

ing the electric field E over the drift region, i.e.,

V~ = ~(’) E dx or

‘“’[-:::!kl=xi? ll-[%l$il] “)

where V~ is the voltage across the drift region,

Em = [1 – exp (–jO~)]/j~~, 19~= co~xd/v, and M = O, – 1.

This equation can be reduced to [1, (18)] if XJ is constant (so

is km) and x~ is defined as EA/~d, where Cd is the capacitance

of the drift region.

Since the drift region width varies as a function of time at

the pump frequency, it is assumed that

xd=xo+xl ejopz+x- le-jmfl +””” (6)

and the x l,x - ~ are either real or complex quantities depend-

ing on the time origin chosen. From a Taylor series expan-

sion of x, Km and neglecting higher order products such as

x ~x– ~ we obtain

d(-%~m)
x~ km= x~ Em + (Xd – xo)~– +“””

x~=xo Xd = XO

,Yo(l _ e– kwo/u,)
——

. o.)mxo
J~

s

+ (xl eJOpf+ x-.1 e-jo~)(e-jo’”x”’””).

Therefore (5) becomes

“[-.RW-lI= [2 ::1[21

[

X. k.

1[ 1

xle– JoO l.O— (7)
x–le+jO-l xokl ~ I;- ~

where

and

e-l = xocl-l/v,.
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Dividing both sides of (7) by jco&A and defining

Cd= zA/xO
and

C~l = &A/x~l
yields

[::ll=’x’[$ll-’xkl[$ll ‘8)
where

and

1 1

Ijwo Cd
[x] = ~

jwo C1

1

–jw.l C.l ‘jw. ~cd
1

[1
k. ~– jOo

[xk] =
jcooCd jwOC1

~jo- i –kfl “

–jw-l C.l jw-l C~

The terminal voltage of the diode is the sum of [VJ and [v~],

and from (1) and (2) the total voltage across the diode [v] is

given as

[K] = [u]+ [u]= [u]+ [x][l,] - [xk][Z.]

= {[U]+ [x][E,] - [xk][~]}[~] (9)

where [U] is the unitary matrix

[1

10

01’

The Kirchhoff voltage equation for the diode and the circuit

is (see Fig. 2)

[Vx] = [zX][l,]+ [q] (lo)

where [2.] = the external circuit impedance matrix:

[2X]=R’”4’-11
z x,m= ZT(CD~) and [VX] is the external voltage source.
Equation (10) can be written in terms of [v.] by substituting

(9) and (3) into it. This yields - -

[L] = [-%I[%IIUI + {l!Ul + [xIIV,I - [xkl[Kl}[Kl

= {[U]+ ([2X]+ [x])[K,] - [xk][~]}[~]

~ [P][~]

where r

(11)

‘x’ofL-&J-’
f. f. I

Fig. 2. Equivalent circuit for parametric interaction in an IMPATT diode

circuit (~~ = ideal bandpass filter at co~, m = O,– 1).

F
1——

m,n =
C. ‘m

m= O,-1

Zd,m= z~(com)
= the small-signal diode impedance at w~

‘i&l+iG(l-H
and

()

2

t.= ~ .
m

There is an infinite set of nonzero solutions to [v.] when both

[~] and the determinant of [P] are zero. Under such a

condition the diode-circuit system is unstable and the signal

and its image can be self-excited parametrically without any

external source. Therefore the condition

det [P]= O (12)’ ,

determines the stability criterion. If det [P] #O, the system

is stable. From (12) the following is obtained:

(A. –BOC; lM.l)(AI1 –B31C:;A41)

– ( – C; ’FO,_, +DOM1)

. (-F!I1,OC:; +D1lM-l)=O. (13)

Furthermore, neglecting terms containing a C; IC= ~ prod-

uct yields

(AoA!I1- DoDllMIM_l)

– A41[AoBf1C:; – DOFY1,OC:;]

–M-l[A~l BOC; l – DE IFO,.l C;l] =0. (14)

Am = jwm
()
* (Zx,m + 2,,.) A simple equation can be obtained if the degenerate case is

m considered (co. = co-~ = COP/2). This is

B~ = 1 – e-jgm, C;; = l/C~l

(

l–k.

)

IAO[2(1 - lSo12M~) -2 ~Re . [C:~M1(AoB~ - DOF?jo)]
D. = jco. 2X,. -t —

jm. Cd =0 (15)
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where

1

1
2.,. + —

sm=+=l+—
jw. L~

m <m – 1 zx,m + Zd,n: “ ‘

Re ( ) is the real part of the quantity. Note that(15) becomes

identical with [1, (35)] if the depletion-region modulation is

zero or C:~ = O.

It is clear that the left-hand side of (15) is always greater

than zero as Ml approaches zero. As M ~ increases, there

exists a value M ~~ at which (15) is satisfied. This particular

value M ~~ is the threshold pump level for subharmonic

instabilities. h-s other words, when the pump level reaches

this threshold, the diode-circuit system is unstable and

spurious oscillation at the subharmonic frequency occurs.

For a given diode, the threshold pump level is dependent

upon the circuit impedance at the subharmonic frequency.

There may exist a circuit impedance zone in which the

solution of M ~ from (15) is greater than one. However, the

value of M ~ cannot be greater than 1 [Ml = (1 JZdC)].

Therefore, the diode is free from subharmonic instabilities

when it is operated in this circuit impedance zone. Based

on (1,4), similar arguments can be applied to the non-

degenerate-type instabilities [1], i.e., the instabilities occur

at two frequencies with their sum being equal to the pump

frequency. In such a case, the circuit impedance at each

instability frequency must be included in the consideration.

However, due to the complexity of the analysis, only the

degenerate case is considered here.

Whether the depletion-layer-width modulation enhances

or suppresses the subharmonic oscillation in a given circuit

is determined by the sign of the second term of ( 15). When

Re ( ) is positive, the left-hand side of (15) reduces to zero at

a lower value of M ~,thus the depletion-layer-width modula-

tion enhances instabilities. Otherwise, the opposite will be

the case.

To determine the sign of the second term of (15), the phase

relation between .x~ and M ~ should be considered. At low

pump levels, Ml is approximately 90 degrees behind the

voltage in the avalanche region and it can be assumed that

the avalanche voltage is in phase with the pump voltage

across the diode. The angle of xl can be assumed to be in

phase with the pump voltage. At high pump levels where the

rectification becomes pronounced, the phase between x ~

and M ~ becomes less than 90 degrees. (The particular value

of this phase angle depends on the particular device and the

operating point.) One can select a time origin such that

Ml = M-~ = real positive, then x ~ = xl ~ = Xl ej~, where

%1 = real positive and O < @ <90 degrees. Similarly,

Cl = Cl ~ = Cl e- j@’and Cl = real positive. Furthermore,

by writing 2X = Rx + jXx and substituting AO, BO, DO, and
FO,Oin the diode parameters, the second term of (15) can be

rewritten as (see Appendix A)

—* [RX sin (00 -~)+ XX cos (00 -- @) +j’]
1

(16)

where

~= Cos (p – Cos (00– ())

@ocT

‘Zk+cos+:seo)”sin
i-

sin 190cos ~

180 “

If the value of (16) is negative, the depletion-layer-width

modulation effectively raises the threshold M ~~ of the

subharmonic instabilities. Since (16) is a linear function of

Rx and XX, (16) is a straight line in the complex impedance

plane. There is an area in the complex impedance plane such

that (16) is less than zero. Furthermore, the coefficients of

l/co. CT and l/o. Cd are both negative and the coefficient of

XX is positive if O <00 s 90 degrees, O < ~ <90 degrees.

The coefficient of Rx may be either positive or negative.

Equation (16) is plotted in Fig. 3(a). The solid and dashed

lines are for positive and negative coefficients of Rx, t-espec-

tively. The arrow indicates the area in which (16) is less than

zero. Thus there exists a realizable circuit impedance area in

which the depletion-layer-width modulation may raise the

threshold pump level of the subharmonic instabilities.

Next the effect of the depletion-layer-width modulation

on the circuit impedance zone is examined, in which the

diode-circuit system is unconditionally stable. In other

words, circuit zones that satisfy (15 ) when M ~ = M ~~ = 1

are of interest. To do this ( 15) should be examined again. The

first term of (15) is a quadratic function of RX and XX. It can

be shown (see Appendix B) that when this term is written

explicitly it is found to be a circle with radius r and center at

(RC,XC). Since the second term of (15) is a linear function of

Rx and XX, (15) is again a circle but with a different radius

and center. Equation (15) can be rewritten as

“[(%r-11”’(Rx-Rc)2+(x.-xc)2-r21
– ~“ [sin (60 – @)Rx + cos (00 – #)Xx +f]

1

+(%92-’1
. [(RX - R~)2 -I- (Xx - X~)2 - r“]

= o (17)

where (R:,X:) is the center and r’ is the radius of the new

circle

R,= R+~Oosin(Oo –@)
cc

9 c1 go

x,=x +~coocos(tlo-$b)
cc

9 C,to
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Fig. 3, (a) Circuit zones (indicated by arrows) in which depletion-layer
modulation raises the threshold pump level. (b) Locus of the center of
the circle (R:,Xj of the stable circuit zone.

and

12 = ~2 + 2yof
r — + (R:2 – R:)+ (X:2 – X:). (18)

gc~ <~

Note that, at the subharmonic frequency, usually

and

‘=”’[(%)2-’1=4+)<0
Therefore, R: is greater than R, if the angle f30 – # is

negative. The center therefore shifts toward the positive side

of the impedance plane. The shift increases as %1 increases.
Fig. 3(b) shows the locus of the center of the circle for stable

operation. When %1is zero, the center of the circle coincides

with the center of the circle of a punch-through Read-type
diode (RC,XC). Thus the stable circuit zone changes as the

depletion-layer modulation increases.

III. EXAMPLES

The change in the stable circuit zone is calculated for a

particular diode structure. The diode is characterized by the

following parameters:

co. = 2rc x 7.5 x 109 rad/s

Zx,

I
11-

,=1

-1N 30 “h M,=0.7

Fig. 4. Normalize@ circuit impedance for stable operation. Arrows indi-
cate the stable regions. The circuit impedance is normalized to 50 Q

(0= 90 degrees,~o = fp/2 = 4 GHZ).

70 = xo/v. = 40 ps

C~=lpF

%~= Xo/(Xa + Xd) = xo/(xa + Xo) = 0,83

where X. is the mean drift region width. This set of param-

eters was used in [3] and is used here for comparison. This

diode is typically operated at an X-band ,frequency. It is

assumed that the diode is pumped at 8 GHz and the stable

circuit zone is calculated for @ = 90 degrees and # = 60

degrees. The circuit impedances calculated from (15) as

functions of Ml and %1/xO are plotted in Fig. 4. In this

calculation the angle # is assumed to be 90 degrees. The

arrows indicate the impedance zone in which the pump level

Ml is higher than the indicated value. Therefore, these zones

are stable zones for the given pump level. As the value of M ~

increases the area of the stable zone shrinks. The circuit zone

inside Ml = 1 provides unconditional stable operation.

In this figure it is clear that the stable operation covers a

wider area in the right-half plane as the depletion-layer-

width modulation increases for, both cases of M ~ = 1.0 and

Ml = 0.7. Since the right-half plane of the circuit is phys-

ically realizable, the circuit design condition is therefore

loosened when depletion-layer modulation is present.

Fig. 5 gives the circuit-impedance zone for unconditional

stable operation at various subharmonic frequencies. The
same diode parameters are used in this computation. It is

found that the broadening of the stable zone holds over a

wide frequency range. Furthermore, a circuit impedance

outside the stable region was selected to find the stability

threshold. It is 2X = 0.6 – j.8 (see Fig. 4). Substituting this

ZX into (15) and computing Ml for various values of %1/x.

gives the results shown in Fig. 6. It is clear that the threshold

level Ml increases as depletion-layer-width modulation

increases. For this case it should be noted that this particular

circuit impedance satisfies the condition (16) <0.

Calculations were also made for the case of Ml = 1,

@ =60 degrees, and various values of zl/xo. The resuhs are
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IMPEDANCE OR ADMITTANCE COORDINATES

Fig. 5. Stable circuit zone at various subharmonic frequencies.

XI /XO = 30 and O percent (~ = 90 degrees, M ~~:= 1).

.60—L—LMJJ
10 20 30 40 50 60

OEPLETION REGION MOOULhTION, PERCENT

Fig. 6. Threshold M ~~ versus Xl/x. for a given circuit ZX = 30 – j10 Q

(~. ‘fp/z = 4 Gf-fz, d = 90 degrees).

——

t
-1

Fig. 7. Normalized circuit impedance for stable operation. Arrow indi-

cates stable region. (Circuit is normalized to 50 Q ~~= 60 degrees,

fo ‘fp/2 = 4 GHz, Ml= = I.)

shown in Fig. 7. The stable circuit zone shifts as %1/x.

increases. The region where (16) <0 is also shown. It is clear

that a circuit provides stable operation for the diode with

large depletion-layer-width modulation only in the region

where (16) <0. It is also seen from Fig. 7 that the circuit

impedance region for stable operation becomes larger as the

depletion-layer modulation increases.

IV. SUMMARY

The theoretical analyses of parametric instabilities in the

Read-type IMPATT diode were extended to nonpunch-

through IMPATT diodes in which the depletion-layer width is

modulated by the terminal voltage. Nonlinear frequency

mixing takes place in both the avalanche region and the drift

region. A two-frequency model was developed in this

analysis. In order to obtain a mathematically manageable

expression, the unsaturated drift velocity of the carriers at

the end of the drift region was not included. This unsat-

urated velocity introduces another modulation in the car-
rier transit angle and its effect is beyond the scope of this

analysis. Equation (13) describes the threshold pump level at

which the parametric instabilities occur. The effect of

depletion-layer-width modulation may either raise or lower

the value of the threshold pump level of the instabilities

depending on the circuit and the phase angle between the

depletion-layer-width modulation .xI and the avalanche

current Ml. This relation is given in (16) and is plotted in

Fig. 3(a). The circuit zone for stable operation was also

examined, The change in the stable circuit zone is sum-

marized in (18). Numerical calculations were made for a

particular X-band diode. Generally, when @is close or equal

to 90 degrees, the stable circuit zone increases as XI/x.

increases. When the angle @decreases the stable circuit zone

moves. The circuit that provides stable operation for the

Read-type diode may or may not provide stable operation as

the depletion-layer-width modulation increases. This is

illustrated in Fig. 7.

APPENDIX A

The second term of (15) is written explicitly with the

circuit and diode parameters:

2X= Rx +jX.#

Henceforth the subscript O is omitted for convenience

1

Separating .4 into real and imaginary

jcoCd\’ <- 1/]’

parts yields

[( )1–< l–cose
+j —

t
roRx — 1e“ (Al)
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Similarly,
B*=l–cos6–jsin6

and

‘=+x+=)
‘[-axx+is+ll

( 1 l–costl
+j WRX+F ~

d )

~*=! –(l–e.i@)
t

(-1
.

)
–I+cose +jsin O.

t

The products of A “ B* and D “ F* are given by

(( )

l–~ ax
Re [AB*] . – —

<X

[(111 sin (3

‘?c–G~–l–~ e–11)~(1 - Cos 0)

+ [(%oR41~To)lsin6
=0.)()~ [Rxsin d - XX(l - cos 0)]

++(l–coS o)+
()

1–COS6’ 1

a cd Z-l

H )

1–( ax
Im [AI?*] = – —

<’

(A.2)

(A.3)

(A.4)

(A.5)

[(111

‘?~–&l–~ )1}~ (-sin /3)

[( )

1–< 1–COS6’
+—

t
coRx —

Ocd 1
(1 - Cos 0)

=(D
(1
~ [Rx(l -“ cos 6) + XX sin 0]

sin e

[(

1 sin O— —+: l–-–—
(Ca d < 0 )

. sin ~ _ (1 - Cos 0)’

1
Re [DF*]

=[-~x.+a-%i’l

(

1___

< l+cOse)- [oRx+iH=)lsine

=OJ
[ (

–RX sin O–XX ~
)1

++[i(l-%!~~~~i”

(A.6)

(A.7)

and

( )(

1–COS6 1
Im [DF*] = coRx + ~ ~ ––1+COS6’

d t )

‘[-axx+a’-%lsing
[(=coRx –

t -l+cOso)-xxsinOl

++[;(l-’Os’) (l

() I

sin O (1 - cos 0)2 . (A g,
+sin6 l–—

6–6’

Therefore

Re [All” – DF*] = ~ (Rx sin 6’+ XX cos 0)

l–cose 1

-(+ (Ca - (cd Cos 0- )
~ (A.9)

and

Im [AB* – DF*] = ~ (–RX cos 6 +Xx sin 0)

sin 0 1

-i

l–cosd—
(Ca – ~cd

sin 6’ + ——
Q )

. (A.1O)

Note that

C~~ = C~le-jo = ~(cos @ –j sin ~)
1

and

2 Re [C= ~M1(AB” – DF*)]

2M1. ~ [Re (AB* - DF*) cos ~

+ Im (AB* – DF*) sin ~]

2MI——
c, (–( [

cos # (Rx sin /3 + XX cos O)co

1–COSO 1
+

-i

sin Q

Ca – cd
coso ——

(3 )1

[
+ sin @ (–RX cos O + Xx sin (l)co

sin 9 1

-(

I–coso—— sin 9 +
Ca –cd ~ N——~ [Rx sin (6 - @)

1

+Xx Cos (e – ~) +f] (All)

where

f= + [Cos @ - Cos (e - ~)]

‘+[-cOs’-(l-~o) sin’

sin 9
— Cos ~

‘$ 1
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and

1
~+L

Fr = Ca cd

APPENDIX B

Here the first term of (15) is written in terms c~fthe diode

parameters and circuit impedance for M ~ = M, ~ = 1. The

subscript O is omitted for convenience

The

1/4.12(1- 1S.12)= IA12- ID12.

A 12can be expressed as

()\A12= jco ~ (Zd + Zx) 2

()

=02 1–<’
~ [(RX+ R,)’+ (XX+ X,)2] (B.1)

where

1

(

< ,1- COS6
Rd=— —

~Cd~–l )

and

X,=-+ (+)-+ (lLY)

The ID 12can be expressed as

( R) 2
1D12= jco ZX +

‘02{Fx+d1-~e)12
+[XX-41-%121‘B’)

Therefore

$( IA12- ID12)

= [(+)’-’l(R’+x’)
‘2[(~)2Rd-&(k;m)]oRx
+~[(~)2&+&(l-:~)]&
+(~)2(R;+x:-(&j’
.[~-’yq2+(l-2y)2]}

‘[(+ll.[(RX - RC)2 + (Xx - XJ2 - r’]

where

‘c’[(w2Rd-&m71$
( )-l–cose–l (D2

‘c~~[()’’:+iikw$
{= ~–l 1—— —

<’ O&

‘[1-(+12-%%%_r2=coJ(( )~ 2[R;+ X;]

‘(+)2 [(1-7s0)2

‘(1-%211 -(X’+ R’)

741

(B.3)

and

‘=a’[(+)vo
Thus IA 12– ID 12= Ois a circle in the complex impedance

plane with radius r and center at (RC,XC). Identical results

were obtained in [3].
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