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Abstract—The theory of tunnel-diode mixer operation is briefly
reviewed. It is shown how the available gain, minimum noise figure
and output conductance can be expressed in terms of the bias and
local oscillator voltages. A numerical analysis is then carried out fora
large number of pairs of these voltages. The results show that there
are two modes of low noise operation, both using approximately the
same bias voltage which gives minimum noise when the diode is
used as an amplifier. The minimum noise figure of one mode ap-
proaches that of the amplifier and is accompanied by very high gain,
critical adjustment, and a vanishingly small local oscillator voltage.
The more practical second mode on the other hand, uses a local
oscillator power of about —7 dBm and gives a conversion loss lower
than that obtainable from the best L-band varistor mixers, but with
a slightly poorer noise figure.

The analysis could be applied equally well to optimize backward
diode converters using megacycle intermediate frequencies in which
only the second mode occurs.

INTRODUCTION
D URING THE past four years, numerous reports

have appeared in the literature concerning the

tunnel-diode frequency converter or mixer. Some
authors have claimed noise figures lower than those
obtained using the same diodes as amplifiers while
others hold that the opposite is true. This paper intends
to clarify the “mystery” surrounding this device and to
demonstrate that the minimum noise figure of an ideal
tunnel diode is the same whether it is used as an ampli-
fier or as a frequency converter.

Chang, Heilmeier, and Prager [1] were probably the
first to report practical results using a gallium-arsenide
diode biased at a voltage slightly lower than the peak of
the I-V characteristic. In the UHF range they claimed a
noise figure of 2.8 dB, 1 dB lower than their calculated
value. About the same time, Breitzer [2] claimed on the
basis of calculation that the noise figure of the tunnel-
diode mixer would generally be poorer than the ampli-
fier. Peterson [3], a year later, pointed out approxima-
tions in Chang’s analysis and confirmed Breitzer's cal-
culations, although both Chang and Breitzer considered
thermal noise generated in the load resistor in their
noise figure derivations. Shih Fang Lo [4], on the other
hand, discussed the advantages of ignoring load noise if
the Friis cascade formula is to be used.

An extensive forty-page analysis of the tunnel-diode
mixer has been published by Pucel [5] who concludes
that the minimum noise figure should be obtained in
the negative slope region. He has performed a numerical
analysis to substantiate his claim. Sterzer and Presser
[6] have also numerically analyzed a mixer and tested it
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at 1340 Mc using a germanium tunnel diode. Although
Sterzer apparently made no special attempt to optirnize
the source impedance, he reported a double sideband
mixer-1F amplifier noise figure of 4.3 dB when operating
at a bias voltage in the negative slope region and with a
local oscillator power in excess of 0 dBm.

Dickens and Gneiting [7] claimed the noise figure of
the mixer could possibly be lower than the amplifier
when biased at the point of minimum IR product. Their
lowest measured noise figure at 1200 Mc/s was 3 dB and
occurred with very high conversion gain. Space limita-
tions prevent further papers on this subject from being
mentioned here; nevertheless, a considerable amount of
work is being carried on and the literature is continuing
to expand.

Pucel, Sterzer, Dickens and Breitzer appear to have
been the only workers to stress the use of a bias point
in the negative slope region. Only Pucel, however,
mentions the possibility of using a very small pump
power [5].

It will be shown here that there are two modes of low
noise operation assuming a sinusoidal local oscillator
voltage. Both modes use approximately the same bias
voltage which gives minimum noise when the diode is
used as an amplifier. With vanishingly small pump
power the noise figure is seen to approach that of the
amplifier, although, for this mode the mixer is extremely
difficult to adjust as the exchangeable gain becomes
very large. Using the same bias point but with a much
larger pump power (—7 dBm approx.) a second, less
critical, condition for moderately low noise figure is
reached accompanied by a small conversion loss.

In the light of these results, it is now apparent that
the previous workers have been divided between these
two modes of operation. Pucel alone was aware that it
might be possible to obtain good noise figures with van-
ishingly small pump powers. Dickens and Gneiting
apparently discovered this mode by accident; they did
not predict it theoretically. In the case of backward
diode converters [8] the negative resistance region
disappears and only the large pump mode exists.

MixeER GAIN AND IMPEDANCE FORMULAS

In what follows, it will be assumed that the tunnel-
diode series inductance, series resistance, and time-
varying junction capacitance can be neglected in the
frequency range of interest, since their inclusion would
unnecessarily complicate the analysis. In any case, an
attempt is normally made either to tune out these para-
sitics or to incorporate them in the external circuitry.
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The theory of crystal-diode mixer operation has been
established for a number of years [9] and is directly ap-
plicable to the tunnel diode. By restricting the theory
to power flow at the signal, image, local oscillator, and
intermediate frequencies it is possible to represent the
mixer by a three-port linear network, provided the
local oscillator voltage is much greater than the signal
voltage. Figure 1 shows a simplified three-port mixer in
which currents at the signal, image, local oscillator, and
intermediate frequencies can flow through the nonlinear
conductance (G) but are otherwise separated by the
filters Fo, F,, Fi, and Fs. If the three-port mixer net-
work is assumed to be reciprocal, an equivalent circuit
can be drawn embodying the so-called conversion con-
ductances as shown in Fig. 2, in which the voltages ¢q,
es, and e, are at the signal, IF, and image frequencies.
The conversion conductances are the Fourier coefficients
of conductance when the latter is time varving due to
some arbitrary local oscillator voltage waveform applied
across the diode:

€= g0+ 2 2gen cos nwl.
n=1 (1)

An alternative equivalent, convenient for numerical
analysis, is given in Fig. 3 in which signals at the three
frequencies of interest have separate circuits. Note that
neither Fig. 2 nor Fig. 3 utilize the conductances g.,
ge4, etc. which suggests either that conversion from fre-
quencies near the higher local oscillator harmonics is
neglected, or that these higher frequencies are short cir-
cuited. It will be assumed that the local oscillator fre-
quency is not substantially lower than the signal fre-
quency; otherwise it would be possible for the higher
harmonics to lie in the region of the signal band where
they could not be short circuited.

Using the circuits of Figs. 2 or 3 it is possible to estab-
lish the following equations that previously appeared in
the literature in one form or another [4], [6]. The equa-
tions apply to the case where the image impedance is a
short circuit, i.e., g,= .

4 a, < 2
Transducer gain = §e8p8ar - (2)
[(go + g5) (g0 + ga) — ga*]?
2
Available gain = é—( 8 > : 3)
8out \go + 8«
Output conductance gou, = go — St . (4)
8o -+ Lo
gc12
Input conductance gi, = go — (5)
got g

where

g« =source conductance.
ga=load conductance.

In cases where the output conductance becomes nega-
tive, the available gain will be negative and referred to
as the exchangeable power gain. This quantity can then
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be used directly in the Friis cascade noise formula if the
mixer is followed by an IF amplifier. The proper value
for the noise figure of the IF amplifier when connected
to the negative output conductance of the mixer has
been discussed by Haus and Adler [10].

The selection of sufficiently large source and load
conductances to fulfill stability criteria will not be dis-
cussed here since this topic has been covered reasonably
well in the literature [5], [11].

MixER NOISE FORMULAS

The basic noise theory for crystal-diode mixers has
been developed by Strutt [12]. He neglects thermal
noise generated in the diode series resistance 7, and
assumes that significant shot noise currents are gen-
erated with arbitrary phase which can be represented by
the following set of fluctuation components:

V2 Tms Z 1 cos | (nwi + wg)t + an)

+ cos [(nwi — w)t + b} (6)

where the coefficients »# are integers. The rms current
magnitude is determined by a well-known equation

[rms = 26[(3qu7 (7)

where 7., is known as the equivalent shot-noise current
and will be discussed in the next section. The essential
feature of Strutt’s analysis is that he assumes I,, to be
time-varying, due to the action of the local osciltator
voltage, i.e.,

Tog = Too 4+ D, 20 o COS iyl (8)
n=1

If (7) and (8) are substituted into (6), a multitude of
noise currents at different frequencies will appear, the
most significant of which are illustrated in Fig. 3. In
effect, noise originally generated at the intermediate
frequency, for example, has been up-converted to the
signal and image frequencies and vice versa. As a result
of these conversion processes there is a definite phase
relationship between the shot noise components at the
signal, image, and intermediate frequencies when a
local oscillator voltage is applied. The normal down-
conversion process of the mixer, governed by (2), then
acts to convert the various noise components to the
intermediate frequency. It is not surprising, therefore,
to find that correlation effects occur which often prove
beneficial in lowering the noise figure.

Although shot noise currents are generated at fre-
quencies near the higher harmonics of the local oscillator
[see (6)], these are down-converted as a result of the
amplitude modulation produced by local oscillator volt-
age. This process will occur even though voltages at
these higher frequencies are short-circuited. Strutt’s
noise figure analysis will therefore apply when higher
frequencies are shorted out.

Following Strutt with minor changes in notation, and
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assuming that signals at the image frequency have been
short-circuited, the following noise figure expression
can be derived from Fig. 3, ignoring any noise generated
in the load: i

()
- Ie()
2kT Za 81

4 Ty — 2In <g° + g)] ©)
gcl

F=1+

where g, = «, g, is the source conductance and g, g.1,
1,, 1.1 have been defined by (1) and (8). Of the three
terms within the brackets, the first pertains to noise
components down-converted from the signal frequency,
the second to noise components existing at the inter-
mediate frequency, and the final term to the interaction
or correlation of signal and intermediate frequency
noise.

For the case where g, =g, we obtain the single-side-
band noise figure which is generally 1 or 2 dB worse
than for the case of a short-circuited image:

e 1 + 2\?
"“{Ie0<g0 g) +2[e0
kT ga ge1

4 2, — A, <£J5§f>}. (10)
gul

Fsingle sideband = 2 T

Apart from additional shot-noise effects, the main deg-
radation of (10) compared to (9) has been caused by
thermal noise in the image conductance. This accounts
for the 2 at the left of the expression, assuming the
image and signal conductances are at the same tempera-
ture.

Equation (9) has the minimum value

Frpw = 1+ L'Zio*[gaopt + g0 — ga Li] (11)
kT go® L0
when
8a® = Laoi® = go' — 2gago j: + ger”. (12)

The right-hand side of (12) is always positive since
1.,>0 at all times implying | 7.;| <[ I.o|. It is apparent
from (11) that it is desirable to have a very small mean
effective shot noise current ... A low noise figure could
also be achieved if the correlation term following the
negative sign were to cancel (g, go). In practical cases
however, cancellation does occur but is incomplete;
typically (geile1/Ieo) =0.4(ga+go) in the large pump
mode which will be discussed later.

In the following computer analysis, use was made of
(11) which assumes a short-circuited image. Although
the double-sideband noise figure is the easiest to mea-
sure, the image short circuit result is the lowest which
can be obtained in a single sideband system. The noise
figure with short circuited image generally lies between
the double- and single-channel noise figures.
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Shot Noise in the Tunnel Diode

Assuming full shot noise, the mean-square value of
current fluctuations in a semiconductor is

12 = 2el ,,Af. (13)

It can be shown [13] for an idealized tunnel diode
that I, is given by

eV
I., = Ipcoth <———>, (14)

2T

where I, is the sum of two uncorrelated oppositely
flowing current streams, namely, the tunneling and
Zener breakdown currents. This quantity is plotted in
Figs. 4 and 5 for typical germanium and gallium anti-
monide tunnel diodes.

Recent measurements by King and Sharpe [14] indi-
cate that the idealized form of the 7., vs. V charac-
teristic often differs markedly from that found by actual
measurement; examples are shown in Figs. 4 and 5. At
zero bias voltage however, the noise current I.,(0) was
found to agree in all cases with the theoretical value. 1t
is of interest to note that thermodynamic considerations
require the zero bias shot noise to be equal to the ther-
mal noise produced by the dynamic conductance of the
diode.

Generally 1., is greater than the bias current I3 and
this has the effect of raising the noise figure of tunnel-
diode devices. In the following analysis use will be
made of King and Sharpe’s equivalent noise and bias
current measurements [14]. In particular, mixer action
will be calculated using the characteristics of Figs. 4 and
5 which were reproduced from [14]. Thermal noise will
be neglected in the analysis although this contribution
can be shown to be small well below the diode cutoff fre-
quency. Flicker (1/f) noise will also be neglected, a
reasonably valid assumption provided the intermediate
frequency is of the order of 30 Mc/s.

NUMERICAL ANALYSIS OF ACTUAL
Diope CHARACTERISTICS

It is of interest to calculate minimum noise figure and
available gain for the tunnel diode mixer and to com-
pare the results with those obtainable using the same
diode as a one-port amplifier. The three variables are
the source conductance, the bias voltage and the ampli-
tude of the local oscillator voltage. An assumption must
be made concerning the LO voltage waveform but this
will be predominantly sinusoidal if the source imped-
ance is sufficiently low. Although a sinusoidal voltage
generator may not be optimum for minimum noise, it
is probably the most practical.

An analysis has been carried out for a range of bias
and local oscillator voltages. At each pair of voltages
the optimum source conductance, noise figure, available
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gain, and output conductance were calculated using a

procedure that will now be outlined. 140

GERMANIUM DIODE

Numerical Approximations
CONDUCTANCE VS BIAS

The first step in the mixer analysis is to determine a 120
pair of functions that adequately describe the conduc- ©——0—0 MEASURED
tance and equivalent shot-noise characteristics in terms COMPUTED
of applied voltage. One method is to use the Fourier 100 ot peEGREE
series, another is to use exponentials, while a third is to POLYNOMIAL
use polynomials. If a sinusoidal local oscillator voltage is
assumed it is possible to express V as

V = Vo + Vpk COS (wzof) (15)

@
o]
T

[
O
T

where V) is the dc bias voltage. Substitution of this ex-
pression in the appropriate function for g or I,, then
gives the conversion conductances go, g.1, ge2, etc. If the
Fourier series representation is used, go, g.1, etc. are
obtained in terms of Bessel functions of the first kind;
if the exponential approach is used the results appear in
terms of modified Bessel functions while the poly-
nomial approach gives them directly in terms of bias
voltage (Vo) and peak local oscillator swing (V).
Using a 10th-degree polynomial approximation
through a prescribed set of 10 points it was found that -20 : ! ! ! !
large excursions occurred between the points. It was -ol ° ol BlA%Z(V) 03 04 0.5
then decided that a Chebyshev approximation should
be used which minimizes the extreme errors in contrast
to a least-squares fit would have permitted an occa-
sional large deviation. Polynomial regressions were
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T

Fig. 6. Measured and computed conductances for
the Ge diode characteristics of Fig. 4.

tl_lerefore obtained usiflg Chebyshev transforms which t40 SALLIUM ANTIMONTDE DIODE
give g(V) and I,(V) in the form: CONBUCTANGE VS BIAS
i 120" 3 ‘
g Top = 2, a,Tu(V) (16) ®—G—® MEASURED

n=0

*— e —X COMPUTED

. too} th
where T1°.(V) is the mnth-order Chebyshev poly- 1201.35335&
nomial. Figures 6 and 7 demonstrate the way in which

typical 9th-degree polynomials agree with the original é)ao—
curves. In the case of the shot-noise characteristics (not 2
shown) the fit was generally better than that of Fig. 7 g
due to the absence of any sharp curvature. weol
The polynomials were obtained using 40 data points g
spaced over extrapolated versions of King and Sharpe’s 9
original curves. g“OL
(5]
Calculation of Mixer Performance
20

The conversion conductances and shot-noise coetfi-
cients are obtained by substituting (15) into (16) and
expressing the results in the form of (1) and (8). Substi- oL
tution in (2)—(5) and (11) and (12) then yields such
guantities as minimum noise factor, available gain, etc.

The interpolated results of these calcu.latlons, carried —20 S ~ o5 o3 o9 o5
out for 120 pairs of bias and local oscillator voltages, BIAS (V)

are given in I?lgs' § through 15. It is important to re- Fig. 7. Measured and computed conductances for the
member that in these figures the source conductance has GaSb diode characteristics of Fig. 5.

been optimized at all points.
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Discussion orF RESULTS

It is apparent from Figs. 10 and 11 that there are
two modes of operation which yield reasonably low
noise figures, both of these occur at a bias approxi-
mately equal to that which gives a minimum amplifier
noise figure and they will be referred to as the large and
small pump modes. It is coincidental that the large
pump mode should have approximately the same bias
point as the small pump mode since the modes are de-
termined by different and unrelated considerations.
Table I compares the essential features of the two
modes:

TABLE I
Mode
Large Pump Small Pump
Available gain ~0.5 ~— %
Lot positive negative
Noise figure Ge 6.6 dB Ge 4.3dB
(gy=) GaSh 4.9 dB GaSb 2.5dB

The large pump mode arouses the greatest practical
interest because of its moderately low noise figure and
noncritical adjustment. The available gain is compa-
rable to the best conventional diode mixers, and the posi-
tive output conductance can easily be transformed to
optimize the noise figure of an IF amplifier.

The small pump mode, on the other hand, is charac-
terized by extremely critical adjustment of bias and
source impedance. It is shown in the Appendix that the
noise figure increases rapidly as the source conductance
deviates from optimum, especially when the exchange-
able gain becomes very large. It is also shown in the
Appendix that the lowest noise figure obtainable with
the small pump mode is equal to that using the tunnel
diode as an amplifier and that the optimum bias voltage
is the same in both cases. Although the exchangeable
gain becomes very large with vanishing local-oscillator
voltage, the output conductance is finite so that the
overall noise figure of a tunnel diode and IF amplifier
cascade approaches that of the mixer alone.

A surprising result is the negligibly small local oscil-
lator power required to achieve the small pump mode;in
practice — 60 dBm has been used, which obviously im-
plies a very poor dynamic range. The large pump mode,
on the other hand, was found experimentally to have a
dynamic range comparable to that obtained with con-
ventional varistor mixers; for example, 1 dB compres-
sion at an input signal level of —6 dBm using a local
oscillator power of —7 dBm.

A practical tunnel diode mixer-amplifier operating
with a signal at 1350 Mc/s and 30 Mc/s IF has been
tested using GaSb diodes having slopes of 20 and 60
ohms. The experimentally measured noise figures show
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close agreement with the calculated values; for example,
the 60-ohm diode in the large pump mode gave a mini-
mum double sideband noise figure of 5.0 dB when con-
nected to a source of 60 millimhos. These figures should
be compared with those from Figs. 9 and 11 for the case
of a short-circuited image, namely, 4.9 dB and 40
millimhos. The noise figure here applies to the mixer
alone and was calculated from overall noise measure-
ments on a mixer-preamplifier combination with and
without a 3-dB pad separating the two units. The noise
figure of the preamplifier with and without the pad had
previously been determined as a function of source im-
pedance.

When operated in the small pump mode a double-
sideband noise figure of 4.3 dB was obtained at very
high gain using a 60-ohm source. This should be com-
pared with the 4.0 dB noise figure of the same diode
used as an amplifier and the calculated value of 2.5 dB
shown in Fig. 11 for a similar type of diode.

Observation of the voltage waveform across the non-
linear conductance using a 60-cycle generator of ap-
propriate impedance showed it to be essentially sinu-
soidal. The amplitude was adjusted to give the same
shift in bias voltage that is observed using the micro-
wave local oscillator in the large pump mode. This evi-
dence provides some confirmation of the sinusoidal
assumption made throughout this paper but neglects
the effects of junction capacitance and series inductance
at higher frequencies.

CONCLUSIONS

The numerical analysis throws some light on the con-
fusion which has existed in the literature concerning
this subject. T'wo modes of low noise operation have been
demonstrated one of which is suitable for a practical
mixer, although the noise figure of a mixer-IF amplifier
cascade using this large pump mode is 1 or 2 dB higher
than that obtainable from a good L-band varistor mixer
which is about 4 dB when the image is short-circuited.
The dynamic range and pump power requirements are
comparable to those of the conventional mixer and the
positive output conductance can easily be transformed
to drive a vacuum-tube amplifier.

The small pump mode, on the other hand, is only of
academic interest because of its extremely critical ad-
justment procedure. The device in this mode is primarily
a negative resistance amplifier with considerable gain
and a noise figure of 3 or 4 dB. The noise performance is
therefore comparable to the best varistor-diode mixers
at L-band and is several dB better at higher frequencies.
However, this small pump mode is impractical so that
the minimum realistic noise figure of an ideal tunnel-
diode mixer is essentially the same as that of any other
good varistor, for example a point-contact down-cor-
verter.

If the high gain and low noise properties of the small
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pump mode are required, it is better to use two diodes,
the first as a negative resistance amplifier followed by a
large pump mode down-converter or a varistor. In this
way, the requirements are separated instead of com-
bined and critical adjustment procedures are avoided.

It should be noted that the entire foregoing analysis
required an optimized source conductance for every
combination of bias and local oscillator voltage to give
the lowest mixer noise figure. In practice it may be de-
sirable to sacrifice mixer noise to achieve higher gain
and thereby minimize an overall cascaded noise figure.
The analysis techniques could also be applied to opti-
mize backward diode converters [8] using megacycle
intermediate frequencies. In these devices, only the
large pump mode occurs, since there are no negative re-
sistance effects. With kilocycle intermediate frequencies
the (1/f) noise would have to be included, however this
noise is much lower in backward diodes than in conven-
tional varistor mixers.

APPENDIX

MiNniMGM Noisg FIGURE USING
THE SMALL Pump MODE

In the case of a vanishingly small local oscillator volt-
age, i.e., g.1 tending to zero, the optimum source con-
ductance for low noise (12) has the binomial approxi-
mation:

gcl2 £e1 ]el>

(17)
2g02 Zo I

o = 1] (14

If this value of g, is substituted in (11) and go is
assumed to be negative, the minimum noise figure be-
comes identical to that for the one-port tunnel-diode
amplifier as g.; approaches zero, i.e.,

€ [e()

Fum =14 ———"r (18)
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The noise figure (9) for an arbitrary source conductance
may be written in the form:

F o= Fmin + CIeO .—1_<ga - gaopt>2.
2kT go Ze1

(19)

This shows that the noise figure increases rapidly as ga
deviates from the optimum value, especially when g.;
becomes very small at low levels of local oscillator
voltage.
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