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Theoretical Analysis of Intermodulation
Distortion of Reflection-Type

IMPATT Amplifiers

MOUSTAFA EL-GABALY, SENIOR MEMBER, IEEE, AND M. EZZAT EL-SHANDWILY, MEMBER, lEEE

Abstract—The basic equationsfor a reflection-type IMPA’fT amplifier

are used to derive expressions for the output when the amplifier is driven

by a multifrequency input sigryi. The third-order intermodulation distor-

tion is expressed and grap~cally presented for various diode, circuit, and

signal parameters. The results provide a guideline for designing amplifiers

with minimum interrnodulation distortion or prescribed distortion level.

I. INTRODUCTION

I

MPATT amplifiers are used in microwave communica-

tion systems and are expected to find wide applications

in millimeter-wave satellite communications. Due to the

inherent nonlinearity of the device, when more than one

signal is applied to the amplifier input, intermodulation

components will result. Some of these components are

usually within the bandwidth of the amplifier circuit and

appear in the output as intermodulation distortion.

Several investigators used the Volterra series technique

to analyze the small-signal nonlinearity of microwave de-

vices [1]–[16]. The main idea in all these atlalyses is to
represent the device by an equivalent circuit with nonlinear

elements. The nonlinearity of the elements (such as
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conductance, capacitance, and transconductance) is repre-

sented by a power series of the applied RF voltage.

Measurement of these parameters as functions of the RF

voltage for the particular device used is then carried out. In

IMPATT devices, the measured negative conductance and

device susceptance as functions of RF voltage amplitude

are usually used to determine the power-series coefficients

through curve-fitting techniques. Investigations of this type

suffer from two limitations. First, the process of measure-

ment and curve fitting has to be carried out for each device

to find the coefficients of the power series expansion for

the device elements. Second, the effect of the physical

parameters of the device (such as doping profile, dimen-

sions, etc.) is not explicitly shown.

Recently, Best et d [17] used a different approach to

obtain the nonlinear response of a reflection IMPATT

amplifier to the amplitude of the combined input signals in

the time domain. They also used the measured nonlinear
diode conductance for numerical calculations.

This paper investigates the intermodulation distortion of

an IMPATT amplifier with a Read doping profile. The

basic equations for the operation of the IMPATT device

driven by a multifrequency RF voltage are used to obtain

the output. The analysis is general, and it suffices to know

the device parameters: phase delay o ~, drift capacitance,

avalanche frequency O. (or, equivalently, the small-signal

admittance and u.), and the external circuit parameters to

determine the intermodulation distortion. This avoids the

extensive lafge-signal adr&ttance measurements and the
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corresponding calculations of the various coefficients of

the power series expansion through curve fitting that have

to be carried out for individual diodes, as in [11]. As a

result of the present analysis, it becomes possible to study

the effect of each individual parameter on the intermodula-

tion distortion and, consequently, a design criterion for

minimum distortion can be established.

The theoretical analysis is carried out in Section 11,

where a Read-type IMPATT diode operating as a

negative-resistance amplifier is considered. The driving RF

voltage is a multifrequency signal. The analysis yields two

systems of equations which are solved by successive ap-

proximations to give the output voltage as a function of

frequency.

The results are graphically represented in Section III,

The intermodulation distortion is displayed for various

parameters of the device and circuit. These results provide

a guideline for designing amplifiers with minimum distor-

tion or prescribed distortion level.

II. THEORETICAL ANALYSIS

The equivalent circuit of a one-port negative-resistance

amplifier driven through a circulator is as shown in Fig. 1,

where ~ is the input signal, the output signal is given by

Vd = V, – ~, L1 and Cl are the lumped parameter represen-

tation of the microwave cavity, and G~ is the load seen by

the diode.

There are four equations which describe the operation of

the circuit of Fig. 1. Two equations describe the diode [18]

and are called the electronic equations. These are

Tl do(t) E(t).—=mlo(t)~
2 dt

(for the avalanche region)
c

(1)

Vd(t) /(E(t)=Eb–y–& ,:, ~–t +t’)lo(t’)dt’

where

‘r~

T
c
lo(t)

E(t)

E,

Eh

Vd(t)
1

A
m.E

(for the drift region) (2)

avalanche region transit time,

drift region transit time,

permittivity of the diode material,

total carrier current,

ac variation about EC in the avalanche region,

critical field for dc breakdown,

dc field related to dc bias voltage,

ac voltage across the diode,

length of the drift region,

cross-sectional area of the diode,

[(da/dE)/a] evaluated at EC.

The other two equations describe the circuit in the

presence of the diode, and they may be called the circuit

equations. These are

‘+~~~j(t’)dt’ (totalCurrent)Id(t)=–cd dt

(3)

“m”Vd=v, -v,

Fig. 1. Equivalent circuit of one-port negative-resistance amplifier driven
through a circulator.

and

[zz(~)-v.(~)]~.=+~~d(t)dt+c,+-~d(t)
1

(Kirchhoff’s current equation) (4)

where

Id(t) diode current flowing into the external circuit,

cd depletion-layer capacitance = cA/1.

The first two equations can be combined into a single

equation by eliminating E(t), and thus a single electronic

equation is obtained

1 10 do(t)
———–=EJ- V,(t)--&:,
@:cd L1( f ) dt

.(~-t+t’)lo(t’)dt’ (5)

where

~a avalanche frequency given by Q: = (2m10 /?lECcA),

10 dc value of Io(t).

Similarly, the two circuit equations (3) and (4) can be

combined into a single circuit equation by eliminating

Id(t). The resulting equation, after differentiation with

respect to time, is given by

2G d~(t) dV~(t) d2V~(t)
—=;v~(t)+G~~

L dt
+(cl+ cd) ~tz

1

The nonlinearity in this system of equations appears in (1)

(the avalanche region) and is present in (5). Equations (5)

and (6) are the required equations.

Now it is assumed that the input voltage is a multi-

frequency signal given by

N
~(t)= ~ Sncos(ont (7)

where S., Q. are the amplitude and radian frequency of the

n th signal. This signal can be written in the more conveni-

ent exponential form

‘n=– N

with

U.n=— tin, S.n=sn, and SO=O.

Due to the nonlinearity of the electronic equation (5),
Vd(t) and 10(t) are expected to have all possible frequency
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combinations. Therefore

V~(t)=~~~e~@’l (9)
I

where

(lo)

6.)[=11U1+12U2+ “ . “ +lNtiN,

v = ~,, /2.....[NJ

I{= n,, [,,...,l~,

~= ? ~ ~ and
[l–w[~= –cOIN =-cc

VO,O,...,O= 1., O,.,.,O= O.

Substituting (8), (9), and (10) into (5) and (6) and using the

orthogonality of the exponential functions yields the fol-

lowing result:

(11)

where

dn[ = o, forl#n

=1, forl=n

that is, the second term on the right-hand side of (12) is

zero when it is evaluated for one of the input frequencies.

The other parameters are given by

‘1=+1+’’1-3

The same notation is still used, i.e., 1 stands for 11,12,. “ “, IN

while n stands for one of the input components.

Successive approximations are used to obtain the output

at any frequency. First, the output at the input frequencies

tin is obtained by letting 1=1,0,. ..,0 and 1= 0,1,0, -..,0

and so on, in (11) and (12). In this evaluation, the second

term on the right-hand side of (11) is disregarded, while the

second term on the right-hand side of (12) is counted.

Thus, for the component of Vd at the frequency u., the

following is obtained:

2 juo,o, ~,. ,OGLDO,O,~,...,. S
v
““’n’” “’0= (@3)o,o,,r,...,o+(DE)o,o, ~,...o ~“

(13)

The output voltage is given by Vo,o,.,...,0 – S..

These voltages and the corresponding currents are used

to obtain the second-order terms, i.e., terms with frequency

tin i tire, where n,m=l,2,. . . , N. The second- and first-

order terms are used to obtain the third-order terms, i.e.,

terms with frequency w,, + ~~ + q.. Only the following two

equations are written here. The output at 2 U1 – ti2 is given

by

1 F2F F D P&
V2,-1=

1,0 0.–1 2,–1 2,–1 1

(210 )2ti:C. j~G;

H“ Fl, –1 ~1, –l~l, –l

1

[
+ ZF2’0 ‘2’0P2’O

( 1+ j/32,0
+E20 –j -+ )1}(14)

U:cd Jti2,0cd “

For the output at 2 ti2 – al, the subscripts are inter-

changed. The output at U1 + CJj – W3is given by

v1,1,–1

1 ‘l, O.O,FO,l, 0~0,0, –l~l,l, –l~l,l, –1 ‘I P2P3

= (210 )2u;cd jE@

H“ FO.l, –I %1,1, –l~O,l, –l

+Eol_l
(

– j~l,O,O+ 1,+jPo,l.-1
., ~aZcd po,l, _lcd )1

+Fllo
[ P%,1,01.1,0,,

+Ello
(

– jcoo,o, _l + 1,+ j/31,1,0
!, 6J:cd J%l,oC~ )1

+F1o_l

[
P%,0, –1 1,0,–1,.

(“
l+ A.O,-l

+E 1,0,–1 ‘JoO’l’O +
Cd:cd )1)JCIJ1,O,~cd “ (15)

The output at CJl + c.+ – O+ is obtained by interchanging

the second and third subscripts, and so on. F, k given by

2j~[G~
F[ =

u[li + E[D[

and P. is the input power of the signal component at

frequency u., given by P. = (S~/2)G~.

The output powers at al and 2L.+ – ti2 are given by

Po,l(til) =lOloglF1,oD1,o –112 + PI dB (16)

( )Po/P(2q -@2) ‘lOlog lV~_112~ +2 P1+P2 dB

(17)
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where PI, Pz are the input powers in decibels at til and tiz

and V2LI = Vz,–l.

For two-tone input with equal power and with relatively

small frequency difference, the third-order intermodulation

distortion IMD3 is defined as the ratio of the third-order

output power at 2 U1 – aa to the output power at WI. From

(16) and (17), it can be written as

( 2%
IMD3 = 10 log ~ ~-l

)1,0 1,0-1 2 ‘2P’ ‘B”

Numerical calculations for the amplifier gain P~ =

[PO,P(@l) – PI] and intermodulation distortion ( IMD3 –

2P1) are carried out, and the results are presented and

discussed in the next section.

III. NUMERICAL RESULTS AND DISCUSSION

The parameters needed to evaluate the previous expres-

sions are 1) diode parameters cd, o=, o ~, 10, 2) circuit

parameters Ll, Cl, G~, and 3) input parameters ~., S..

In the following paragraphs, the effect of each set of

parameters on the intermodulation distortion is studied.

A. Effect of Diode Parameters

In the following calculations, it is assumed that a rCd =

const. and ( tia /ti ) = H~/2, where ~ is a constant. Keeping

the same value of ~ and changing Cd amounts to changing

the drift length, while different values of ~ amount to

changes in the avalanche region. The circuit parameters are

kept constant.

1) Effect of Drift Region: The parameters chosen for the

external circuit are LI = 0.8998 nH, Cl= 0.643 pF, and

G~ = 1.351 mS. These parameters represent a practical

circuit [11]. For a diode having Cd = 0.2 pF, W7 = 2.5,

(tifl/0)2 = 0.254 at 10=30 mA, and f = 5.9045 GHz, the

calculated small-signal gain is 17 dB, If the diode is re-

placed by another with different values of Cd, while the

circuit and dc bias 10 are kept constant, then the effect on

gain (P~) and IMD3 will be as shown in Fig. 2. The gain
reaches a maximum value at Cd = 0.18 pF, which corre-

sponds to o ~ = 2.78. Although the gain increases sharply

as this value of Cd is reached, the intermodulation distor-

tion Ii14D3 increases at a much higher rate. For example, at

Cd= 0.2 pF, the gain is 17 dB and IMD3 = 47 dB, while at

Cd= 0.18 pF, the gain is 29 dB and IMD3 =83 dB, i.e., for

an increase in gain of 12 dB the corresponding increase in

IMD3 is 36 dB.

The effect of the dc bias 10 is shown in Fig. 3 for a

constant value of Cd = 0.2 pF. Both gain and IMD3 in-

crease with an increase in I.. Again, the increase in IMD3

is more pronounced than that in gain.
It is possible to keep the small-signal gain constant by

changing the dc bias. This effect is shown in Fig. 4, which

shows the variation of dc bias 10 and IMD3 with Cd for a

constant gain of 15 dB. The intermodulation distortion is

constant at 40 dB.

The above results indicate that, for a constant circuit, it

is preferable to operate at the smallest allowable small-sig-
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Fig. 5. 10and IMD3 versus K (CJ = 0.2 pF).

nal gain to obtain the best performance as far as the

intermodulation distortion is concerned.

2) E#ect of Avalanche Region: This effect is shown by

fixing Cd and taking different values of K. Fig. 5 shows the

gain and 1MD3 as functions of K for two different values

of bias 10. It is evident that a variation in the value of lY for

constant Cd, 10, and circuit parameters leads to a variation

in gain and IMD3 but without the large peaking effect, as

in the case of the variation in Cd (Fig. 2). The range of K

for which the gain is above 10 dB at 10 = 30 mA is between

0.875 and 1.25, and for this range, the variation in IMD3 is

between 30 and 47 dB (Fig. 5), while the range of Cd for

the same conditions is between 0.145 and 0.225 pF, and the

variation in IMD3 is between 25 and 83 dB (Fig, 2). This

indicates that a replacement diode having constant Cd, to

satisfy the above condition of gain, is preferable, as far as

intermodulation is concerned, to one with constant K.

B. Effect of External Circuit

Fig. 6 shows the gain and IMD3 as functions of 10 for a

diode with Cd = 0.2 pF when the equivalent load conduc-

tance G~ is kept constant and the circuit susceptance is

changed to tune the diode susceptance. For these particular

values of parameters, the gain and IMD3 reach their maxi-

mum values at 10 = 26.5 mA. Again, the reduction in IMD3

at other values of 10 is more pronounced than the reduction

in gain.

If a diode having a different value of Cd is used and the

circuit is tuned while G~ is kept constant, the gain and

1Ml?3 will change with Cd. To keep the gain constant, the
dc bias has to be changed. Fig. 4 also shows the required

variation of 10 and the corresponding variation of IMD3

with Cd for a gain of 15 dB. Comparing the results in Fig.

4, it is concluded that tuning the circuit increases IMD3 by

8 dB as Cd increases from 0.15 to 0.25 pF, compared with

constant IMD3 for the constant circuit case.

C. Effect of Input Signal Parameters

The input parameters are the signal power and frequency.

Since the calculations are made for an input power of O dB,

then the remaining parameter is the signal frequency. Fig.

7 shows the intermodulation distortion versus Af for a

fixed circuit and bias and for a diode having Cd= 0.2 pF.

1s0

F

Cd=().z() PF
120—

60 –

30

0
0 10 15 20 25 30

Io, mA

Fig. 6 Power output and IMD3 versus 10 for constant Gl and with
circuit tuning (Cd = 0,2 pF),

60 r
t

3oo~o

Af, MHz

Fig. 7, IMD3 versus frequency separation A/ ( 10= 30 mA, Cd= 0.2 pF,
gain at~l M constant at 17 dB).
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Fig. 8, IMD3 versus frequency separation A~ (~1 is adjusted for mmi-
mum gain, 10= 30 mA).

The frequencies are fl = 5904.5 MHz and fz = fl + Af. The

IMD3 remains constant at 47+ 1.5 dB up to a frequency

difference of 45 MHz, after which it decreases steadily. The

small-signal gain for fl is 17 dB. The frequency at which

maximum gain occurs is 5870 MHz. The IMD3 is due to

the generated component at 2f1 – fz which is smaller than

fl and, consequently, closer to the frequency of maximum
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gain. Therefore, the expected reduction in IiWD3 with A j is

offset by the increase in gain. This is the reason for the

constancy of IMD3 with Af. Howeverj for large Af ( >35

MHz), the frequency component 2f1 – f2 will be smaller

than the frequency of mimimum gain and, therefore, IMD3

will decrease with A f.

Fig. 8 shows IMD3 versus Af when fl is adjusted for

maximum gain. The results in this figure are much larger

and decrease steadily with Af as compared with Fig. 7.

This is expected, since the gain in Fig. 8 is much larger and

2fl – fz lies below the maximum gain frequency.

IV. CONCLUSIONS

Several conclusions can be drawn from the previous

discussion.

1) For a constant circuit and bias, the replacement of the

diode by one having different values of Cd will change the

gain and IMD3, but the change in IMD3 is three times the

change in gain (in decibels).

2) The dc bias can be adjusted to keep the gain and

IMD3 simultaneously constant for diodes having different

values of Cd in a constant circuit.

3) The dc bias can be adjusted to keep the gain constant,

but the IMD3 will increase if the circuit is tuned above its

value for the constant circuit case. Furthermore, in an

amplifier circuit having constant bias, with the requirement

that the gain is above a certain level, diodes having con-

stant Cd will yield smaller intermodulation variation than

diodes with constant avalanche characteristics.

4) The IMD3 decreases monotonically with the frequency

separation if one of the input frequencies is at the maxi-

mum gain. However, if fl and fz are not at the freqttency of

maximum gain, then IMD3 will remain approximately con-

stant with Af until fl – Af equals the frequency of maxi-

mum gain.

5) It is preferable to operate the amplifier at the smallest

allowable gain to obtain the best performance as far as the

IMD3 is concerned,
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