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ABSTRACT

In an attempt to improve understanding and the development of relaxation oscillator
operation, a computer program technique has been carried out. In addition, measurements are
made by applying the analytical solutions to control the frequency, amplitude, waveform and
output power for different types of tunmnel diodes.

1. INTRODUCTION

Continuous-wave relaxation oscillations have been observed in
autonomous self-excited oscillator circuits using “InSb*’ and “GaAs”
tunnel diodes, when biased in the negative differential resistance region
{1]. (Sheng et al 1991)

Tunnel diode oscillators are compact rf generators that have mo-
dest power-supply requirements and can readily be tuned by electrical or
mechanical means. These diodes hold great promise for high frequency
applications because they are not limited by transit-time effects even
at microwave frequencies. They typically exhibit 20 to 30 dB lower
noise than that are achieved with either Gunn-effect or avalanche os-
cillators and they operate at high de-to-rf efficiencies under low dc-bias
voltages.

The present study discusses the dependence of tunnel diode.1ela-
xation oscillator operation on biasing conditions and circait and diode-
parameters.
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2. ANALYTICAL SOLUTION:

2.1. Condition of Self-Starting Oscillation

In the following analysis, the investigated tunnel diode oscillator
and its equivalent circunit are shown in Fig. 1. It contains two equal
inductive coils (Ll» L,), Tunnel dode (T.D) and a load—rcsmtance (Ry)

and dc—hlasmg suppiy The eqmvalent eirenit parameters are as followu

A

Fig. 1: Circuit Diagram (a) for Tunnel Diode Oscillator and its Equivalent Circuit (b).

= Yot efiuivabnt; s‘ﬁﬁnt admittances of the coil “Y,.” and the load

YR (Yo = (Ry, -+ JwLe) | (JwLeRy) ) 1

-~ Y : isthe complex shunt admittance of the inductive coils (L and Le)
S A complex impedance of the tunnel diode circuit:

. ,'7—' = Rb/(l—JwaRb) 2)

"To get the condltlon of s uelf—startlng ODCI}Iathn, dpply Kirchoff’s
voltage law to. the loop circuit of Fig. Ib:

I(Zoﬁ“l/YoTl/Y)_O
bvt I'= O, then:” '
Zo + 1] Y, 4+1/Y=0

P-—Rd(Rd—{—JWLC)—‘ JwLeRy(1-wCqRa)+ Jwle(1- ]deRd)(RL—q—JwLC)
(1-JwCaRa) (Rr + Jwlo)

=0

)

’ (2W2CdR\dRL~(RdRL/Lc)~szc) +J (2WRL“WRG+ W3LchRd)

((Ru/ Lo + w2 Ry~ J (w-(wCaRaFr ] To)) =0
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Equation 3 can be rewritten in the form:

Ao + JBo | R
Ao+ JBy o
Co & dD, | “
Using the following normalized quantities:
W, = 1/ CRy; N = W/ W1; S = L./ CqRq; W= 2nF;
o (5)
M= RiRq/L;; Q=1/Cq and X = Ry/¢
Equation 4 becomes; k -
(2N2MS - M - N23Q) -+ J (2NMS - NQ 4 N38Q)
X T (WOX M) T J ((NQX] M)~ NX)
Using the conjugate of the denominaticr, bqu. 6 becomes; -
AC -+ BD BC - AD |
(_C2+D2 +3 ('C2+j37 >) 0 S .G)

Since the whole bracket of Equ. 7 eguals zero, then cach term
must vanish alone, and it is clear from the real and i 1mag1'1a1 y part that

and , _
EC-AD = 0O ‘ @)
Now, Equ’s. 8 and 9 shew the conditions of self——s‘tart’i’ng'()sﬁﬂlatio“n that
occur in the tunnel diode oscillator ecircuit Substituting the Valueu of
A, B, C and D in Equ. 9, i.e., the imaginary part of f the equahon ymld"
four imaginary roots, which represent uastable oscillator mode, but
this is not the case. So, substituting these valves in Equ. 8, i.e., the real
part gives the fellowing; :
N f(1-(Q/ MS)) N'- (M Q) = O (10)
So, Equ. 10 gives the condition of self-starting oscillation and its roof;s
are given as follows: ‘ ;

Nig = £ 4/ (Q/2MS) - (1/2) = +/((12) - (G 2MS) )>+ (M/QSy (11)

2.2. Analytical Results

It is noticed that, the root N has real positive values, and the root
N, has real negative values, while the other two roots are imaginary.
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So, the oscillator system has one real root, which represents a stable
oscillator mode [2], and two imaginary roots which represent unstable
oscillator mode. The fourth root has negative values which indicates
decaying oscillator mode.

2.2.1. The Solution Dependence of Relaxation Oscillatiors:

Oscillations whose jeriod and shape depend strongly on the energy
storage elements off the tank circuit and characteristics of nonlinear
element are called “relaxation oscillations”. The solution of these sys-
tems depends on both; the diode parameters and circuit terms as follows:

a) Diode Pafameters

The effects of the diode junction capacitance (C4) and its effective
negative resistance (Rg) on solution is shown in Fig. 2. Fig. 2(a) shows
that a quasi-linear dependence appears between normalized frequency
(N =W/ WIl) and “Rq” values. On the other hand, Fig. 2(b) shows
the dependence of the normalized frequency on Cqy values. It is clear
that the frequency of oscillation has a linear dependence on the diode
capacitance which shows the importance of using diodes with large
Cq values in constructing the relaxation oscillator systems.

The linear and quasi-linear dependencies of normalized frequency
on both “Cq” and “Ry” can be explained applying the well known
relations stated in fqu. 5. where:
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Fig. 2: Stability Diagrams of the Oscillator System for Different Diode Parameters.
(GaAs; Type AN301T).
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N - 2. 7T. Fop. Rd. Cd (12)
where:
Fop : operating frequency

The observed quasi-linear deviation is mainly due to the non
linearity of the (I-V) curves of the diode and the change in its effective
negative conductance [3], where:

Gett = (9/8). [(Iy~ 1)1/ [(Ve- V)] (13)
where:

Ip, Vp : peak current and voltage respectively

Iy, Vy : valley current and voltage respectively

On the other hand, linearity showed in Fig. 2 (b) is due to the fact
that C4 value changes linearly with the band of applied bias voltage
values within the negative conductance region as given by [4-5]:

Ca(V) =K (¢p-V)12 (14)
where:

K : relative dielectric constant; 1.4 x 10712 voltl/2, gared.
¢ : barrier height \
V : bais voltage

b) Circuit Parameters

The effects of the circuit parameters (inductance and operating
frequency) are calculated and presented in Fig’s. 3a and 3b. The first
figure shows the dependence of the normalized frequency on the circuit
inductance values. The frequency of oscillation is practically inversely
proportional to the total circuit inductance “L¢” values, which is true
for designing relaxation oscillators, where the oscillation frequency
can be expressed in the form [3]:

T = (L/ Ry). Ln [(Us~- IyRt])/ [(Uo— IpR1] (15)
where:
Rr = Ry +‘(VP/ Ip) (16)

Finally, Fig. 3b shows that the dependence of the the normalized
frequency on the operating frequency (Fop) is almost constant.
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Fig. 3 Stablllty Diagrams of the Oscillator System for Different
Circuit Parameters Using GaAs Tunnel Diode.

3. EXPERIMENTAL INVESTIGATION
The dependence of both the amplitude (A) and frequency (F) of

oscillations on the bias voltage (U,) was invesiigated, using the circuit
shown in Fig. 1a, for diodes with different doping levels and materials
(GaAs and InSb).

Comparison study for the bchaviour of three different diodes
is shown in Fig. 4. It is clear from the figure that for all the investigated
samples, the self oscillation starts almost at bias voltage values around
0.145 (4 5 %) volt. The amplitude (A) of oscillation increases rapidly
from zero up to a certain value which depends on‘the diode ty’pe, followed
by a plateau region, which was kept up to cuioff point where the oseil-
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" Fig. 4: Experimental Dependence of the Amplitude (A) and Ftequency (F) on the Bias_
Voltage for Tunnel Diode with Different (a) Type and (b) Diede Material. ’
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Fig. 4: Experimental Dependence of the Amplitude (A) and Frequency (F) on the Bias Voltage
for Tunnel Diode with Different (a) Type and (b) Diode Material.

lation ceasied. Similarly, the frequency (F) follows the same trend as
the amplitude, although it exhibits a nearly narrower plateau. The
cut off points of the oscillation are shown to be function of the diode
type and materials. For the InSh diodss, a cut off bais voltage is around
0.240 volt. On the other hand, for the case of the GaAs samples, this
value is observed to be 0.42 and 0.60 volt for the two samples (AN
301r and AN 301I') respectively.

The dependence of the relaxation oscillation waveforms on the
bias voltage, for the two diode types (GaAs and InSh), are investigated.
Fig. 5 shows oscilloscope tracings of the outpurt of InShb diodes osciliator,
under different bias voltage values of 0.150, 0.175, 0.205, and 0.230
volts, respectively. Also, Table 1 summarizes the oscillation charac-
teristics cf the investigated samples.

The oscillations are nearly sinusoidal if the diode is biased around
the middle of the negative resistance region. These effects are mainly
due to [4-6]:

1- The harmonic content of the output of the oscillator generally
changes, because the oscillator swings over different portions of the
(I-V) characteristics of the diode at different values of bias. These
changes in harmonic content usually lead to changes in the fundamenaal
frequency.

2— Changes in bias also cause changes in the effective value of
Ca, because Cg is voltage dependent (Equ. 14). Variations in frequency
resulting from changes in Cq can be readily estimated by assuming that
the effective value of Cq is the same as its value at the bias point.
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Fig. 5: Oscilioscope Tracings of the Cutput of InSb Tunnel Diode Oscillator Biased at Different
Voltage Values.

Table 1. Oscillation Characteristics of InSb Tunnel
Diode Oscillator.

Bias, Volt Vp, Velt Vy, Volt | Ampl, Volt | Freq, MHz |

; B | i i

0.150 0.14 - 59, 0.25 .- 59 |  0.155 “ 1.185 !

0.175 [ 0.240 | 1.422 }

0.205 3 L0230 2.350 |
0230 | | | 0.225 2.290

When the total circunit inductance of a tunnel diode oscillator is
is velatively large, lhc energy stored in this inductance due to the flowing
of current can not be dissipated within a short period. The excursion
of the diode veoltage is forced into the non-linear positive—conductance
region of the diode (I-V) characteristics. The output waveform becomes
approximately square wave, as in case of GaAs samples (Fig. 6).
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Fig. 6: Output Waveforms of GaAs Tunnel Diodes Biased at (a) 0.15 Volt, (b) 0.34 Volt, and (c)
0.54 Volt, Respectively.

When the bias point is in the nogative—conductance region (U, ==
0.161 volt) and closc to the peak peint (Vp = 0.150 volt), the duty
ratio of the positive pulse is small, and the rej-ctition vate is also rela-
tively small (F = 0.360 MHz; Fig. 6(a)). For bias values near the middle
of the negative conductance region (U, = 0.340 volt), the duty ratio
of the positive pulse is close te 50 9 and the renetition rate is increased
(F = 0.620 MHz; Tig. 6 (b)). Finally, when the bias (U, = 0.541
volt) is close to the valley point (Vy = 0.70 volt), the duty ratio is
largor than 50 %, and the repetition rate increases (F = 0.80 MHz;
Fig. 6 (c)). On the other hand, and for the investigated bias voltage
range, the oscillation amplitude is shown to be approximately constant

with a value of 0.203 (4 3 %) voli.

GaAs samples characiorized with higher electrical paiameters
(Vv, Ip/ Iv, Vpp, Vv / Vp, Cq and Viy; where Vg and Vpp are the
voltage swing and the forward pesk point, vespectively) are shown
to exlibit the wider bias range than others.
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In case of amplitude, which mainly depends on the voltage swing
of the devices, it is clearly shown that: If the voltage swing is large, it
may go into the positive conductance region. This action prodaces
additional losses and, together with the mnon-linear characteristics,
limits the amplitude of escillation. It is seen that InSh devices :xhibits
higher oscillation frequency thar that obtained in case of using GaAs
ones which is due to the location of the minimum of the conduction
band and the maxima of the heavy and light-hole valence bands, all
at the center of the “Brillouin zone” [6, 7]. The small forbidden ensorgy
gap and effective masses in addition to the high mebility of InSb make
it of interest bzcause the high tunneling current density needed for an
electronically fast devices can be achieved very readily with low doging
concentrations.

Second thoughts would prompt the realization that the solnbilities
of the donor and acceptor impurities required to produce the heavily
deped regions will be finite and that it might be difficult to obtain an
electronically fast tunnel diode with high energy gap semiconductor [8].

Power Quiput Cousideration

We have discussed the various tunmnel diodes, oscillator circuit,
their initial conditions required for oscillation and the freqvency, amp-
litnde and waveforms of oscillation. It is also desirable to study the
output power of oscillator and the relationship berween the output
power and the frequency. The tunnel diode can deliver output power
up to its cut off frequency as given by [8]

Po = (3/16) [Ty-Lv} [Vy-Vp ] [1+Fop/ Fy)] (17)
where:

F; ¢ cutoff frequency =
[1/(2. 7 | Bm |. €Ca)]. [(RT/Ry)-17111

R; : spreading 1esistance
Ry : minimum negative resistance

Power output versus frequency of typical tunnel diodes oscillatcr
is shown in Fig. 7. Power values as low as micre watt are obtained from
such devices (1020 and 33.8 . watt for GaAs acd InSh respectively),
the matter which is due to that of the active region of the tunnel diode
is at a much lower voltage than conventional deviees [9, 2]. This can
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Fig. 7: Qutput Power Characteristics of Tunnel Diodes.

Le clearly obhserved in the case of the investigated GaAs and In Sb
samples which have comparable active region widths of 0.45 and 0.100
volt, respectively (Fig. 8). Actually, Equ. 17. indicates the frequency
at which the power absorbed by the positive resistance (Rs) is equal
to the power that the negative resistance is capable of obtainiag from
the de battery in the form of an ac signal. This power is frequency
dependent hecause of the shunting effect of Cp on Rp. In other words,
the ac—current that flows through Ry at the cut off frequency is much
larger than the ac—current that flows througth Ry. As a result, it is
clear from the curves that at frequencies above the cutoff level of the
device, the real part of the impedance becomes positive, which in turn
leads te the fact that the catput power is negative.

4. CONCLUSIONS

From the analytical and experimental investigations, the following
conclusions could be deduced:
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Fig. 8: Cuarrent-Voltage Characteristics of Tunnel Diodes Made from Different Semiconductors.

— The amplitude, {requency and shape of oscillations depend mainly
on the biasing condition, and diode-and circuit parameters.

~— The frequency and amgplitude of the relaxation oscillation increase
with increasing the bias voltage, reaching & maximum value follo-
wed by a plateau region, then they decrease at higher bias veltage
values, which reflects the limits of the dynamic negative resistance
of the tunnel diode.

— Sinusoidal oscillations are obtained using a tunnel diode of the
type YI'; “InSb”, although, actual tunnel diode oscillators like
any other physically relizable oscillators, ave never purely sinu-
soidal. On the other hand, output waveform hecomes approxima-
tely square wave in case of GaAs samples.

- The optimuam parameters for the circuit oscillator are:

Ry =10 k. ohm, L = 25 uH, Ep = 1.5 volt, R, = 3 ohm
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