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Bias-Tuning and Modulation Characteristics

of Transferred-Electron Oscillators

D. D. TANG, MEMBER, IEEE, AND RONALD J. LOMAX, SENIOR MEMBER, IEEE

Abstract—A theoretical analysis of the tuning and modulation

characteristics of transferred-electron oscillators is given. The

effects of the device properties and temperature and the in-

fluence of the circuit are discussed. Experimental results are also

reported.

INTRODUCTION

AN attractive property of GaAs transferred-electron

oscillators is their capability of being operated over

a wide frequency range. The oscillation frequency of the

transferred-electron device operated in a circuit is deter-

mined by the condition that the susceptance of the device

be matched by the susceptance of the circuit, which is a

function of frequency only. Thus the oscillation frequency

of the device can be changed by changing either the device

susceptance or the circuit susceptance.

Transferred-electron devices have been built with struc-

tures, such as planar concentric [1], tapered [2], mesa,

and three terminal [3]. Experimental results on the tuning

characteristics of these structures were also reported [l]–

[6]. Among these, only the mesa devices are used practi-

cally as microwave generators. Theoretical dkcussions of

the tuning characteristics and mechanisms of mesa-struc-

ture devices can be made from two points of view. The first

is based on the physical properties of a stable domain,

such as the relation between the capacitance of the domain

and the bias voltage [5]–[7]. The second is based on the

device admittance calculated from a simpler device model

[6], [8], [9]. These theories apply to the cases in which

the dipole-domain growth time is short compared with the

RF period, the minimum instantaneous voltage drops be-

low threshold, and the domain length is short compared

to the length of the diode. Only positive bias tuning, i.e.,

frequency increases as bias voltage increases, is predicted

from those models.
The purpose of the present study is to give an improved

understanding of the bias-tuning and modulation prop-

erties of X-band mesa-type transferred-electron devices.

The tuning achieved by variation of the device susceptance

and conductance was studied by means of a more complete

device model which can simulate all of the operating modes
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and at various RF levels. The experimental results and

theoretical calculations are both presented.

BIAS TUNING

Experimentally, it is found that the bias-tuning charac-

teristics of transferred-electron oscillators are circuit

dependent. The maximum operating bias voltage for most

practical devices is approximately four times the threshold

voltage for CW operation and slightly higher for pulsed

operation. In this bias range the oscillation frequency and

power may increase monotonically (called positive tuning

in this paper), decrease monotonically (negative tuning),

or increase to a maximum and then decrease as the bias

voltage increases. The latter is observed most frequently.

The bias voltage at which the frequency peak occurs is

found to be different when the circuit load is changed, and

there is a tendency for the output power to vary in the

same way as the frequency. Discontinuity and hysteresis

in both the frequency and power may also occur during

tuning [10]. This discontinuity is frequently found to be

accompanied by bias circuit oscillations. Nevertheless,

relationships will be sought among the tuning characteris-

tics, the device properties, and the circuit. The tuning

characteristics of the oscillator and their relationship to

the circuit have been investigated based on the results of

a device simulation performed by solving the current con-

tinuit y equation and Poisson’s equation with a finite-

difference method for a one-dimensional model of an n+-

n-n+ device. It is assumed that the circuit is shorted at all
the harmonic frequencies and therefore a sinusoidal RF

voltage VRF superimposed upon a dc bias voltage VB

exists across the device terminals. Thus the device can be

characterized by its RF admittance, which is a function

of VB, VRF, and j, the oscillation frequency. The velocity

versus field relation used in the calculations is given by
the expression

v = [g I E I + v,(~/~o)4]/[1 + (~/~o)4] (1)

where

P the low-field mobility;

v. the saturation velocity;

130 4000 V/cm.

Values of p and v. as functions of temperature are given by

Ruth and Fawcett [11]. The diffusion coefficient is as-

sumed to be constant and equal to 200 cm2/s. The details

of the calculations have been described elsewhere [12].

Simulations were carried out for devices with flat dop-

ing-densit y profiles in the active region, ND = 1015cm–3,



TANG AND LOMAX: TRANSFERRED-ELECTRON OSCILLATORS

and length 1 = 10.5 pm. A doping notch is added at the

cathode when a domain mode @ simulated. Interest is

focused on the properties of the device when it is operated

near its maximum de-to-RF conversion efficiency, i.e.,

operated slightly below its transit-time frequency and at

@ RF voltage VRF * VB – VT, where VT is the threshold

vbltage. It was found that the traveling velocity of the

space” charge (either dipole domain or accumulation layer)

itiaffec%ed b y the terminal voltage. A higher average veloc-

ity is found at a lower bias voltage. Similar results were

reported in ‘[13].

After a dipole domain@ formed at the cathode, the front

end of its depletion layer reaches the anode @thin approx-

imately 50 PS. Therefore, for the “device operating at X-
~and frequencies, quenching of the space charge by the

down-swinging RF terminal voltage and collection of the

epace charge by the anode are both involved. The former

becomes important @ sustaining hhe coherent oscillation

when the operating frequency is farther away from the

t&nsit-time frequency. Coherent oscillation can be main-

t~ined over a finite frequency range even when the in-

stantaneous voltage does not swing below the threshold

v@ue. This tends to happen when the cathode doping

n’etch is smaller and the bias voltage is high. Fig. 1 shows

the current waveform of the accumulation mode opera-

tion. Fig. 2 shows the corresponding electric-field distri-

bution. There is a stationary high field near the anode

which accounts for most of the voltage drop. Due to the

existence of this anode field, the minimum instantaneous

field in the remainder of the detiice is below threshold

&en though the minimum voltage across the whole diode

& above the threshold voltage. As a result, the space-

charge injection angle is not fixed and is determined by the

~pndition that the electric field a% the cathode be above

the threshold field. However, if the RF voltage is so large

that the instantaneous voltage stays below threshold over

pa@ of the RF cycle, the space-charge region can be com-

~letely discharged. The new space charge is injected when

the terminal voltage swings up above threshold.

~A typical device admittance (domain mode) as a func-

tion of VRF is shown in Fig. 3. The device conductance

decreases as VRF increases. Two different regimes are

~und in the device susceptance versus RF-voltage be-

I I I
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Fig. 1. Current and voltage waveforms for a ‘1’E device (ND =
1015 cm-3, 1 = 10.5 pm, no cathode notch, !!’ = 300 K, VB =

,10 V, Vn = 4,f = 14 GHz).

Fig. 2. Electric-field distribution at the four phase angles of Fig. 1.
(a), (b), (c), and (d) correspond to phase angles 1, 2, 3, and 4,
respectively.
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Fig. 3. Admittance of a TE device versus RF voltage (ND = 1015

cm-a, Z = 10.5 #m, T = 300 K, j = 10 GHz).

havior. They can be characterized ,approximately by the
condition that VRF > Vi — VT and VRF < v“B — VT.,

For the case VRF > V~ – VT, the instantaneous voltage

swings below threshold each cycle. The device sus~eptance

decreases” very slowly with RF voltage and it decreases

smoothly with the bias voltage. The time-average voltage

drop across the dipole domain increases as the bias voltage

increases. Thus the higher the Bias voltage, t l~e wider the

domain and therefore the s~rdler the effective domain

capacitance. When the domain width is co:.nparable to

the length of the active region of the ‘device, its width is
limited by this length; therefore t,he capaciii,ance of the

device tends. to remain constant at high bias.’ The ratio

of the device capacitance to the cold capacitarl ce decreases

from tlto less than 3. Fig. 4 shows the ratio for the present

calculations. In the same figures, the “variation of the

domain capacitance versus bias voltage calculated from

the stable-domain model [6] is compared with the pre-

sent results. The result is normalized’ with the present cal-



750 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, SEPTEMBER 1975

-4 8 12 16

SIAS vOLTAGE, V

Fig.4. Capacitance ratio versus biasvoltage atlOGHzfor. Vw >
V~ – VT (ND = 10’6 cm-’, 1 = 10.5 pm). Present results: I
results from the stable-domain model of [6] -.

culation at VB = 8V. Theclose relationship between the

domain capacitance and the device capacitafiee can be

seen. :’
Inthesecond RF-voltage regime? J’RF< VB – V~, the

instantaneous voltage does not drop below threshold.

There is an apparent phase shift between the RF voltage

and the RF current compared with the first RF regime due

$0 the shift in the injection angle. The, device susceptance

either increases or decreases as RF voltage decreases, de-

pending on whether the frequency is higher 6r lower than

the transit-time frequency, respectively. The change in

device susceptance becomes more sensitive to the RF vol-

tage when the operating frequency is farther away from

the transit-time frequency. The amount of vaiiatiori in

device susceptance with respect to VRF also depends on

the bias voltage.

Similar results are found for the dekce operating in

the accumulation-layer mode. H~wever, the decreatie in

device susceptance with bias yoltage is relatively stiller

when the device is operated in the large RF-voltage re-

gime. It is found that the traveling velocity of the accumu-

lation layer is faster than that of the dipole domain under

the same bias-voltage operation. Thus the transit-time

frequency is higher. Fig. 5 shows the admittance of a de-

vice with the same structure but without a doping notch

at the cathode. The device susceptance decreases. as the

bias voltage increases when the device negative conduc-

tance is small. Tl& indicates that the device is operating

in the large RF-voltage regime. At h~gh bias in the large

RF-voltage regime there is no negative conductance. At

the smaller RF voltage, the device susceptance does not

show the same kind of variation with the bias voltage.
However, the border between the large and small RF-

voltage regime is vague.

The device oscillation frequency shift A~ due co a change

h device susceptance ABd is

Aj/j = – (~/2~) ~d (2)

where f is the oscillation frequency and R and Q are the

circuit resistance and Q factor; respectively. The fre-

quency decreases as the device susceptance increases. The

operating point shifts along the circuit line as a result of

the change in the bias voltage. From the analysis, the de-

vice total current is found to be contributed dominantly by

the electronic current, not the displacement current. For

example, the electronic current of an X-band &lode (10
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Fig. 5. AdrnittWce of a TE device with the same structure as
that of Fig. 3 but without a cathode notch. The dot on the con-
stant hiss admittance contour indicates where VRF = V~ — VW

pm in length) is 8–10 times the displacement current in

magnitude. Therefore the device susceptance is primarily

controlled by the space-charge transit properties, not the

cold capacitance. The total change in device susceptance

~d can be written as

‘Bd=%A’+[(i%%)AvB(%)Av4
(3)

,,.
When Af is around tens of megahertz, the first term is very

small compared with the remaining terms. The constant

bias contour calculated for a fixed frequency would give a

sufficiently “good prediction of the bias-tuning charac-

teristics. By assuniing the circuit conductance to be con-

stant for simplicity, the operating point susceptance and

the RF power output as a function of the bias voltage can,.
be found from the calculated device admittance. They are

shown in Fig. 6. It is clear that the operating point sus-

ceptance is monotonically decreasing as the bias increases

when the circuit conductance is” low. According to (2),

the device should show positive tuning. The magnitude of

the frequency shift is in~ersely proportional to the circuit

Q. The device susceptance shifts approximately 8 mmho for

a change in bias from 6 to 14 V. This change of the device

s,usceptance would give a shift of approximately 66 MHz

in “the frequent y for a circuit with Q = 200. The maximum

bias-tuning sensitivity occurs at the lower bias. when the

operating point conductance is so large that the device is

operated in the small RF-voltage regime, the bias-tuning
characteristics have a peak in frequent y at a cert&in bias,

Above that bias voltage, the tuning in frequency is nega-

tive. The calculations also show that the bias voltage at

which the.device oscillates at the peak frequency tends to

decrease as the operating point conductance increases.

The tuning characterktic of the RF power is similar to that

of the frequency. However, the peak in powe~ does not

necessarily occtir at the sake bias as the peak in frequency.

Similarly, the tuning characteristics in a constant con:

ductance circuit can be constructed for the device whose

admittance is sho~ in Fig. 5. The device will show nega-

tive tuning in freq~ency in a high-conductance circuit

and positive tuning in a low-conductance circuit (Fig. 7).
The peak in power occurs at a lower bias voltage when the
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Fig. 7. Tuning characteristics of a device in the accumulation-
layer mode (ND = 1016 cm-J, t = 10.5 Mm, A = 10-4 cm2, 2’ =
300 K,~= 14 GHz).

circuit conductance is higher. Such tuningcharacteristics

should be seen in the low doping-density-length product

device because the device is unlikely to form a dipole

domain [13]. Devices operated CW may also show such

tuning characteristics because of the reduction of the low-

field mobility &nd the peak-to-valley ratio of the velocit y-

field relation, which slows down the growth of the space

charge.

So far, the bias-tuning characteristics have been dis-

cussed for a detice in a constant conductance circuit. The

microwave resonant cavity is generally a multiply re-

sonant circuit. The circuit conductance va$es with the

frequency. As a result, the tuning characteristics dkcussed

(al

here should be modified due to the variation of the operat-

ing point conductance with frequency.

Experimentally, changes in circuit load seen by the oscil-

lator can be achieved by changing the coupling iris of the

waveguide cavity in which the transferred-electron oscil-

lator is mounted. The resonant frequency of the cavity

can be maintained nearly constant. ,The circular window

iris of thin gold-plated copper acts as a shunt inductor be-

tween the load and the cavity [14]. An iris with a smaller

diameter couples less external load to the cavity. Several

diodes were tested in this circuit and their tuning charac-

teristics are similar. Generally, continuous biw tuning is

difficult to obtain without encountering bias circuit oscil-

lations when a large diameter iris is used. A typical result

is shown in Fig. 8, It is clear that the peaks of frequency

and power tend to occur at higher bias as the circuit load

is reduced. The device tested has been analy:~ed with an

empirical equivalent circuit [15]. The circuit conductance

around the operating point is approximately 3.8 and 1

mmho for iris diameters of 0.25 and 0.20 in, I espectively.

The RF voltage is estimated on the basis of the method

described in [1,5] and is shown in the same fig.we. The de-

crease of the dc current is partially due to the increase of

the RF level of the oscillation [12] and partial] y due to the

increase of the device temperature. A noisy spe~trum is fre-

quently seen in the negative tuning portion fo: bias above

10.5 V. The exact reason is not clear; it may be caused by

avalanche in the anode high-field region. Tk e effects of

temperature on the device operating frequency are ob-

tained by comparing the frequency shift data from the dc

pushing and pulse pushing (pulse superimposed on con-

stant dc) for operation of device number 2 in the waveguide

catity. Fig. 9 is a plot of frequency shift versus bias volt-

age. Curve I shows dc pushing and curve II i~hows pulse

pushing for a dc bias of 10 V. The temperature increases

with the bias voltage for each point along CUI ve I. Curve

II is a constant temperature curve. At the crossover point,

i.e., 10 V, the curves are at the same temperature and the
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Fig. 8. RF power output, electronic tuning, and (1c current for
device number 2 in the waveguide cavity.
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Fig. 9. Dcand pulse-pushing measurements for device number 2.
The device is operated atjo = 9.086 GHzinawaveguide cavity
with aO.25-in-diam iris.

same frequency. Itisclear that the frequency drops as the

temperature increases. From the device resistance [11]

as a function of heat-sink temperature at low bias, the

thermal resistance is estimated to be approximately

52 °C/W. The temperature change of the device between

9.5 and 10.0 V is approximately 7“C. By comparing the two

curves at 9.5 V, it is found that the frequency decreases at

a rate of approximately 0.1 MHz/°C in this circuit. This

indicates that for narrow-range frequency modulation

the temperature effect is significant [16]. However, the

general tuning characteristic is not dictated by the tem-

perature.

BIAS MODULATION

Bias modulation is achieved by modulating the bias

voltage so that V~ = V~, + F ( t), where F(t) is the modu-

lating signal. In this study a sinusoidal modulating signal

is utilized to investigate the modulation sensitivity y, linear-

it y, and the modulation bandwidth of transferred-electron

devices. When the modulating frequency is low, the bias

modulation can be treated essentially the same way as

bias tuning, i.e., the operating point admittance shifts up

and down along the circuit line at the modulating fre-

quency j~. The frequency modulation sensitivity [6] is

proportional to the frequency range on the circuit line

intersected by the constant bias device admittance lines.

Similarly, the amplitude modulation sensitivity is propor-

tional to the power range on the constant bias device lines

intersected by the circuit line. From Figs. 6 and 7 it

can be predicted that a larger modulation sensitivity is

obtained at a lower bias voltage. Such results should be

found in both positive and negative tuning regimes. To
obtain ~near modulation over a wide range, a proper

operating point must be chosen. Experimentally, the Bessel

null method [6] can be utilized to measure the frequency

modulation sensitivity. However, analyses [12] show that

the accuracy of the Bessel null method is affected by

the existence of AM in the FM signal, Fig. 10 shows the

frequency modulation sensitivity versus modulation fre-

quency for an operating point where AM is less than 1

percent. The modulation sensitivity y is independent of the

modulation frequency and decreases very slowly when the

modulation voltage is large. More detailed experimental

results are given in [6].

The modulation bandwidth is the upper limit of the

modulating signal frequency. Since AM and FM are usually
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Fig. 10. Frequency modulation sensitivity versus rms modulation
voltage of Gunn device in a coaxial cavity (VT = 4.4 V, IT =
0.105 A).

coexistent, it is believed that the limit is related to the

relaxation time of the RF amplitude of the oscillator.

The exact modulation bandwidth is determined by the

detailed relations. between circuit admittance as a function

of frequency and the device admittance as a function of

VRF. For simplicity, the circuit conductance G. is assumed

constant and the frequency shift is small compared with the

operating frequency. It is also assumed that the transition

time is much longer than the period of the RF oscillation.

The following is obtained from the power balance between

t~e oscillator and the circuit:

dWc
pd=pc+~ (4)

where Pd is the power generated by the active device, P.

is hhe power dissipated by the circuit conductance, and

dW./dt is the time variation of the energy ‘stored in the

system. In terms of VRF, Pa, P., and W. can be expressed

as (1/2) I gd I VRF2, (1/z)G,~, and (1/2) (~/w) G.VRF2,

respectively, where Q is the cwcuit Q factor and w = 2rj is

the radian frequency of RF oscillation.

(Q/ti) k approximately equal to a constant based on the
assumption that the frequency shift is small compared with

the oscillation frequency. After substituting these relations

into (4) and with’ some manipulation the following is ob-

tained:

–=irRF(%+dvm

dt
(5)

or

~i _ 23 “+A

/

dVRF

VRF(I @ I/G. – 1)
(6)

u Vi

where At is the transition time for VRF to change from Vi
to Vi + A. Vi is the RF voltage of the initial state and A

is 0.9. ( Vj — Vi), where Vf is the RF voltage of the final

state. The transition time is directly proportion@ to the

factor Q/u and is determined by I g. 1. Assume under con-
stant bias voltage that I gd I = (gO/VRF), where 90 is a

function of bias voltage. The At for a step cbAnge in bias

voltage (the device admittance) can be obtaitied by inte-
grating (6). The result is

Q
At=4.6–.

w
(7)
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For a typical resonant circuit with Q = 200, the transition

time is 14.6 ns when the oscillation frequency is 10 GHz.

Thus it is 146 times longer than the RF period. The cor-

responding modulation bandwidth is

f. 1.,.=; C=70 MHz.

Within thk modulation bandwidth any modulation can

be considered as the same as bias tuning. When the modu-

lating signal is close to and above this bandwidth, the modu-

lation sensitivity is expected to decrease. It is noted that

(7) is computed under the assumption I g~ I = (90/~RF).

For devices with different gd versus vRF characteristics,

the transition time will be different.

CONCLUSIONS

The tuning and modulation properties of transferred-

electron devices have been described. The device behavior

was characterized by its RF admittance which was cal-

culated from a large-signal analysis. The bias-tuning

characteristics were predicted from the device RF admit-

tance. The tuning characteristics of the device, the circuit

load, and the circuit Q factor are interrelated. Experi-

mental results were also given and compared with the

analysis. The modulation bandwidth was found to be

determined by the circuit Q factor, the oscillation fre-

quency, and the device-admittance versus RF-voltage

relationship. Within this modulation bandwidth, the bias-

modulation properties can be derived from the bias-tuning

characteristics. The modulation sensitivity y is independent

of the modulating frequency, but changes with bias voltage.
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Short Papers

The Method of Series Expansion in the Frequency

Domain Applied to Multidielectric Transmission Lines

A. F. DOS SANTOS AND J. P. FIGANIER

Absfract—In this short paper a method of expardng the phase

constant and the field of a multidielectric transmission line as

a power series of the frequency is developed. The method provides

a theoretical @ti&ation for the widely used g%tatic~> approximatirms

and indicates the reason why their accuracy is frequently good.

Thk expansion may also be useful for estimating an upper limit to

the frequency band in which the dispersion does not exceed a speci-

fied value. A numerical example is included.
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I. INTRODUCTION

Most practical strip transmission lines are structures in which

two dielectrics are present, one being air and the other a solid in-

sulator having small losses in the operating frequency range. The

solid dielectric has an electric permittivity different from that of

air and therefore ‘1’EM modes cannot propagate. 1ndependent TE

and TM modes are seldom possible, and in consequence, the propa-

gating modes in all practical two-dielectric strip lines are hybrid.

For the usual mode of operation, the lowest order one, the wave

equation tends to the two-dimensional Laplace equation as the fre-

quency tends to zero and hence the axial components should be small

compared with the transverse ones for sufficiently low frequencies,

making thk mode almost TEM. Interest thus arism in the charac-

teristics ?btained from static fields, namely a phase constant P =

u (LC) llz and a characteristic impedance ZO = (-L/C) lr~, where L

and C are, respectively, the inductance and capa~itance per unit

length.

In the following sections a method of field expal~sion as a power


