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devices. That scheme is more practically realizable than the [21

first scheme, and offers the added advantage of not need-

ing isolation resistors in the power combiner, and hence, it p]

has no problems of power dissipation that would occur

when such resistors are used. [4]
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Abstract-A device-circuit interaction program has been developed for

the study of TRAPATf’ amplifiers. The device is sinmfated using the

programs developed by Banbahrs [1]. A slug-trod coaxiaf circuit is sinm-

Iated with the circrrit parameters chusento model an ampfffier for wbfch

experimental results have previously been published [2]. Results fucluding

diode waveforms over the entire ampliier frequency band are presented.

Separate mechanisms have heen identified as beii responsible for the falf

off in gain and power output above and below the center frequency. The

ssmximmn bandwidth which can he attained with a TRAPA’IT mupffffer is

also estimated.

I. INTRODUCTION

T HE TRAPATT MODE was discovered by Prager et

al. [3] in 1967. In 1970, detailed experimental results

for a TRAPATT amplifier were published by Prager et al.

[4]. Since that time, various workers have reported ampli-

fication in slug-tuned coaxial circuits [2], microstrip

stagger-tuned circuits [5], [6], and coupled-line circuits [7],

[8]. Typically, operation up to X-band has been achieved

with gains of the order of 10 dB and maximum band-

widths of approximately 10 percent.
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A comprehensive theory explaining the experimental

results of TRAPATT amplifiers has not been presented. A

theoretical analysis of the TRAPATT device is difficult

for several reasons. The complexity of TRAPATT opera-

tion severely limits the applicability of simplified analyses

and necessitates a full device simulation, especially for the

amplifier case where variations in the diode waveforms

due to complex device – circuit interactions occur

throughout the frequency band of operation. Even with a

full simulation, it is believed that many sets of device

waveforms and modes of TRAPATT amplification are

possible depending upon the diode-circuit parameters. The

choice of a particular configuration for a device– circuit

interaction prevents the analysis from being a general one.

The problem is further complicated by the nonperiodicity

of the calculated TRAPATT waveforms. Nevertheless, it

is believed that the analysis of simulation results for

particular configurations can reveal certain aspects of the

TRAPATT amplifier which are of general utility.

II. DEVICE PROGRAM

The simulation proceeds in the time domain. The

TRAPAT’T diode simulation requires programs [1] which

perform the following function from the terminal point of

view: given the state of the diode at a particular time t

0018-9480/80/ 1000-1070$00,75 @1980 IEEE



MAINS et cl!.: INVESTIGATIONS OF TRAPATT AMPLIPIER OPERATION

CIRCULATOR

LOAO
RESISTOR

I T

CAPACITOR &

RF BLOCKING

INDUCTANCE

BIAS PULSE

GENERATOR

~

II L

COAXIAL

1 E SLUG-TUNEO
CIRCUIT

it
TRAPATT OIODE

=

Fig. 1. Reflection amplifier circuit.

and given the terminal voltage impressed at t+ At, the

resulting terminal current and new diode state is de-

termined at t+ Af. The method of solution is illustrated in

Table I. The device is divided into a uniform, one-

dimensional mesh in space. It is assumed that the diode

state is completely known at time t,Step 1 allows de-

termination of the electron and hole concentrations, n(t +

At) cm-3 and p(t + At) cm-3, using the continuity equa-

tion with the previously determined generation term

G(C. s- 1. cm-3) and particle currents ~, J~(A. cm-2). In

Step 2 the electric field E(t + At)(V. cm- 1) is determined

from Gauss’ law and the imposed terminal voltage V=(t +

At); here it is assumed that the semiconductor is p-type

with acceptor concentration N~– cm– 3. In Step 3 the

particle velocities at t+ At are calculated from the new

electric field and the material parameters. Enough is

known at this stage to calculate the particle current densi-

ties and the total induced current ~Ot(A. cm-2) at t+ At in

Step 4. Finally, the generation rate at t+ At is calculated

in Step 5. At this point the diode is completely specified at

t+ At, and the process advances by another time step.

III. CIRCUIT PROGRAM

A slug-tuned coaxial TRAPA~ amplifier was simu-

lated with circuit parameters selected to model an ampli-

fier reported by Hughes [2]. Fig. 1 illustrates the config-

uration of the amplifier. The input to be amplified is

coupled by a circulator to the coaxial line. The diode bias

is introduced through a bias network, The reflected RF

signal is channeled by the circulator to the load resistor.

The complete circuit model used in the program is

shown in Fig. 2. The transmission-line section consists of

1.
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TABLE I
METHOD OF SOLUTION USED IN IT-IS DIODE SIWLATION

aJ (X,t)
Q = G[E(x,t)] - ‘ax

q at
(A)

aJ (X>*)

qg = G[E(x, t)] + + (B)

+
yields p(t + At) , n(t + At) .

+

‘r! - q[P(x,t + At) - n(x,t + At) - N~(x)l

+

yields E(t + At)

4

3.

E

(t + At, x) = Vp,,n,
“p ,n (

1 - exp [-E(x, t + At)p #p.,n,l} 1
4.

+
yields vp,n(t + At ,x)

+

Jp(x,t + At) = W(X,t + At)vp(x,t + At) - qD Qk#Q
P

Jn(x,t + At) = qn(x, t + At)vo(x,t + At) + qDn
an(t + At)

ax

~(t+At) 1 w

Itot=vo
[Jp(t + At) + Jn(t + At)] Ax

+
yields Jp,n(x,t + At)

+

5.

L

G@(x,t + At)] = Ap exp [-Bp/E(x, t+ At)] lJp(x,t + At)\

+ An exp [-Bn/E(x,t + At)] lJn(x, t + At)l

three tuning slugs with characteristic impedances 21, 22,

and 23. A lumped-element network attached to the left-

hand side of the coaxial line models the diode package

and mounting parasitic; this lumped-element network is

interfaced with the device simulation described previ-

ously. Lumped elements are attached on the right-hand

side of the coaxial line to model the bias network and the

circulator of Fig. 1. The bias current IB is assumed to have

a linear rise characteristic until it reaches a prescribed

constant value. The RF input signal is introduced as a

traveling wave at point P moving toward the diode.

To simulate the coaxial line, the propagation of the

forward- andl reverse-traveling waves is calculated, as well

as the reflections at impedance discontinuities and at the

left- and right-hand extremities of the line. The efficiency

of the simulation is greatly increased by considering the

traveling waves as fixed and the coaxial line as moving, a

technique developed by Khochnevis-Rad [9]. In this

manner, unnecessary shifting operations are avoided at

each time step.

The coupling between the coaxial line and the lumped-

element networks is illustrated in Fig. 3. In Fig. 3(a), the

incident and reflected voltage waves, ~ and F, are

shown at the interface. The transmission line is replaced
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by a Thevenin equivalent voltage generator of value 2~ - lent of the transmission line. The state variables are cho-

V and characteristic impedance 20 in Fig. 3(b). sen to be the capacitor voltages and the inductor currents.

The method of solution of the lumped-element net- For each state variable, one first-order differential equa-

works is the state-variable technique [10]. Fig. 4 shows the tion can be written. The differential equations are con-

bias-circulator-load lumped-element networks. The volt- verted to finite-difference equations using the trapezoidal

age generator and impedance 20 are the Thevenin equiva- rule, The resulting equations are solved for the state
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Fig. 5. (a) Diode terminal voltage. (b) Current density. (c) Iaad volt-
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Fig. 6. Diode-voltage waveforms and corresponding input signal at the
dio& for two different operating frequencies.

variables at the future time, given their values at the

present time and the future value of the voltage generator.

IV. IIEWICE– CIRCUIT INTERACTION RESULTS

At t= O, a sinusoidal RF input is applied at point 1) in

Fig. 2; also the bias current ramp lB is turned on. ‘l%e

device waveforms and load voltage are observed until a

stationary state has been reached. Fig. 5 shows a) the

diode voltage, b) the current density, and c) the load

voltage for an input frequency of 8.6 GHz and RF voltage

amplitude of 12.19 V (based on a 50-!il characteristic

impedance). In this context, “stationary state” means that

the time between voltage peaks for any two successive

cycles in Fig. 5(a) varies within a narrow range about a

clearly definable average value. In the cases considered

here the variation was limited to approximately 5 percent.

The resulting gain was 5.1 dB and the efficiency was 22

percent, comparing quite well with the experimental re-

sults being modeled [2] of 5-dB maximum gain and 18-

percent efficiency at 8.73 GHz. Solutions were obtained

over the entire frequency band, from 8.35 to 8.95 GHz;

Fig. 6 shows device voltage waveforms obtained at input

frequencies c)f 8.95 and 8.5 GHz, respectively. Also shown

is the input signal at the diode terminals. It is apparent

that, for different input frequencies, the relative phase
established between the diode waveforms and the input

signal varies. At higher input frequencies, the efficiency

decreases because the diode voltage during the recovery

portion of the cycle is lower. This is the mechanism

responsible for decreased output power above the ampli-

fier center frequency.
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Fig. 7 shows results at the low-frequency end, 8.35

GHz. It is seen that the diode waveforms do not remain in

synchronism with the input; the average load power de-

creases from that of Fig. 5(c) due to low-frequency modu-

lation thus identifying instability as the mechanism which
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produces gain reduction at frequencies below the center

frequency.

Simulations were carried out for different values of RF

input voltage. Fig. 8 shows the resulting output power and

efficiency versus input frequency. In these curves, “NL”

indicates that a solution was unstable or not locked, as in

Fig. 7.

Fig. 9 presents output power, gain and efficiency vtu-ia-

tions with bias current lB at a constant input frequency of

8.5 GHz and with varying input amplitudes. The results

indicate that the performance of the diode is very sensitive

to the value of bias current with a value of 1.57A yielding

optimum output power. If the bias is increased beyond

this value, the average output power decreases due to

instabilities.

In Fig. 10, the output power and efficiency versus

frequency are shown for two different values of bias

current lB. For 1~ = 1.568 A, the TRAPATT was found to

operate as a locked oscillator, because the device lpro-

duced output power in the absence of any input RF

signal. For .IB= 1.5124 A, the device behaved as a true

amplifier; i.e., if the simulation was carried out with no

input signal, no output power was produced.

A narrow-band locked oscillator at S-band [9] was also

simulated. Fig. 11 shows the resulting gain, output power,

and efficiency for this case. It was difficult to simulate

operation below 2.371 GI% because the resulting wi~ve-

forms were unstable. To investigate why this circuit is

narrow band while the previous circuit yielded broad-band

amplification, the impedance versus frequency presented

at the diode terminals was calculated for both cases. Fig.

12 shows the impedance for the narrow-band locked oscil-

lator, and Fig, 13 presents the impedance for the broad-

band circuit. In both figures, & is the frequency of maxi-

mum output power.

The diode area for the narrow-band simulations was

larger than the area of the diode used with the broad-band

circuit; therefore, it is expected that the impedance levels

in Fig. 12 should be lower than for Fig. 13. The ratio of

fundamental impedance values for these two cases is

approximately equal to this area ratio. In the seccmd-

harmonic band, it is seen that the reactance slope is

steeper for the broad-band case shown in Fig. 13. It might

intuitively be expected that a smaller reactance slope

would yield a broader bandwidth; however, the results of

these simulations have shown that a steep seccmd-

harmonic reactance slope is required. Published experi-

mental results [8] of TRAPATT amplifier impedance

versus frequency characteristics show a sharp resonance at

the low end of the second-harmonic band. However, this

is not conclusive because other published results [11]

indicate that minimizing the reactance slope favors broad

bandwidth operation.

If however it is hypothesized that, at least for the type

of slug-tuned coaxird circuit used in these simulations, the

reactance slope in Fig. 12 is too small to achieve broad-

band TRAPATT amplification, an estimate of the maxi-

mum attain21ble bandwidth for a TRAPATT amplifier is

obtained. If the resonant frequency occurring approxi-

mately at 4 GHz in Fig. 12 were moved to the right by

suitable circuit adjustment, keeping the value of imped-
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ante constant at 2 fo, a point would be reached where the

reactance slope would be optimum for broad-band

amplification. At this point, the stable fundamental band-

width is given by half the separation between 2fo and the

second-harmonic resonant frequency of the circuit. This

bandwidth will be less than half the frequency separation

in Fig. 12. Calculating half the frequency interval between

the circuit resonance and 2 f. in Fig. 12 yields a maximum

achievable bandwidth of approximately 15 percent for a

TRAPATT amplifier.

V. CONCLUSIONS

The TRAPATT device is inherently a large-signal mul-

tifrequency device. To realistically model TRAPAT”T

amplifier operation, a comprehensive circuit program was

developed which adequately models the experimentally

obtained characteristics of an amplifier circuit in all the

important frequency ranges. The TRAPATT device was

simulated using a one-dimensional finite-difference algo-

rithm which includes the variation of particle velocities

and ionization rates with electric field. By coupling these

two programs, device– circuit interactions in the time do-

main were carried out for many combinations of circuit

parameters, RF drive, and diode bias. It was shown how

the resulting diode waveforms vary over the frequency

band, and the mechanisms causing the falloff of gain at

the band edges were identified, It was found that the

second-harmonic circuit resonance is crucial in determin-

ing amplifier performance, By examining the dependence

of bandwidth on the location and steepness of this reso-

nance, an estimate was made of the maximum obtainable

bandwidth for a TRAPATT amplifier, using a slug-tuned

coaxial circuit and fundamental extraction.
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