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Very High Sensitivity Heterodyne Detection of
X-Band Radiation with Neon Indicator Lamps

YAAKOV MAKOVER, ODED R. MANOR, anD N. S. KOPEIKA, MEMBER, IEEE

Abstract—Very high sensitivity with simple inexpensive commer-
cial neon glow lamps designed for indicator-lamp applications is
observed at X band in synchronous detection. Typical minimum
detectable signals with 10-nW-order local-oscillator powers are
10717 W - Hz™ ' or lower. This is equivalent to 10~2> W - Hz"!
with 1-mW local-oscillator power. As such lamps can be used without
damage in high microwave fields, they can be used in principle with
appropriate local-oscillator power levels to reach ideal microwave
noise equivalent power (NEP) limits. The low NEP and noise figure
resuit from the high responsivities of such devices which are due to
high internal signal gain. Experimental results correlate well with the
enhanced-ionization collision-rate detection model.

I. INTRODUCTION

OMMERCIAL glow-discharge indicator lamps. whose

individual price is ordinarily a fraction of adollar, have
been shown to exhibit excellent sensitivity, as compared to
the much more expensive diode detectors, to both
millimeter-wave [1], [2] and microwave [3], [4] radiation.
Utilization of such devices for detection of electromagnetic
radiation has been extended to the infrared [5], visible [6],
[7]. and ultraviolet [8], [9] spectral regions. The ability to
sense fairly accurately microwave frequency with such de-
vices has also been demonstrated [10], [11]. In addition to
fine sensitivity and low price, advantages of neon indicator
lamps, as compared to diodes, for detection of electro-
magnetic radiation include less sensitivity to ambient tem-
perature changes [12]-[14]. much greater dynamic range
and electronic ruggedness, and the ability to detect sudden
increases in radiation levels without being damaged [11],
[13].[14]. Also, they can be used in environments such as the
Van Allen belt, nuclear reactors, or space systems subject to
intense ionizing radiation fields [ 15] where many other types
of detectors cannot operate reliably.

Lamp operation as a detector is quite simple. A dc
discharge is sustained in the manner shown in Fig. 1. The
common, commercial indicator lamps used here are charac-
terized by parallel-wire electrodes with very short distances
(~ 1-2 mm) between them. as can be seen in dimensional
drawings shown elsewhere [1], [10]. As a result of the small
interelectrode space, there 1s no positive column.

The lamps were biased to abnormal glow discharge [1}, [6].
{7] which, except for 1/f noise., are characterized by flat
thermal noise spectra [7]. [16] and positive dynamic resist-
ance [7]. Although the anode in combination with the
plasma can act as a rectifier [17]. a new model of detection
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Fig 1 Glow-discharge dc bias circuit.

[11] by dc glow-discharge plasmas of microwave radiation
has been suggested recently which, on the basis of extensive
previous measurements of discharge parameters in such
devices [1], exhibits excellent correlation with experimental
results. This model takes into account the conditions under
which the detected signal is manifested as either a decrease
or increase in discharge current [18]. If the dc field in the
plasma is sufficiently strong. increases in kinetic energy
absorbed by electrons are translated into ionizing collision-
rate enhancement [19], which increases the discharge
current. For weak dc fields (normal or subnormal glow),
microwave-field-enhanced electron energy is manifested as
an enhanced diffusion current which decreases the discharge
current [18], [20]. The small electrode separations in
common indicator lamps allow implementation of the
enhanced-ionization effect through a strong dc field (abnor-
mal glow) with minimal losses to diffusion. These phe-
nomena are actually small-signal effects [11] of gas
breakdown by strong microwave [21],[22] or laser [23] fields
without the preionization provided by dc bias. Because, at
low (microamp order) discharge currents (subnormal glow)
as a result of secondary electron emission, both signal and
noise are dependent upon video frequency [7].[16]. it is often
preferable to bias the glow tube to the abnormal glow. In this
case, the increase in discharge current as a result of
enhanced-ionization microwave-signal power density P, at
aradian frequency w much larger than the plasma frequency
is approximately [11], [19]
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where g and m are electron charge and mass, respectively,
is the wave impedance of free space, v is the average
frequency per electron of elastic collisions with neutral
atoms, V; is the ionization potential in volts of the gas
mixture, n is the number density of free electrons, V' is the
plasma volume, and G is the internal signal amplification by
the discharge. The increase in discharge current leads to an
increased potential drop across the load resistor in Fig. 1. As
the resistor and glow tube are connected in series with a dc
source, the discharge voltage decreases as a result of the
microwave signal. For areceived power P,, the decrease AV,
in discharge voltage yields a responsivity

AV, gPdnovnGZ )
P, mV(v? 4 w?)

whered is the path length through the discharge traversed by
the microwave signal and Z is the discharge-load-resistance
combination video-frequency impedance (~ 100 Q in such
commercial devices at 10-15-mA discharge current with
1-kQ load resistance). The internal signal gain stems from
cascade effect ionizing collisions as a result of the fairly
strong dc field of signal electrons with neutral atoms, i.e.,
each initial electron produced by microwave-field ionization
enhancement can produce many additional charge carriers
in ionizing collisions resulting from the dc field, and each
such secondary electron can then produce additional charge
carriers, etc. In common neon indicator lamps, in the
abnormal glow G has been shown to be on the order of 106
according to the expression

R
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where v; is the dc ionization rate per electron and ¢, is the
average transit time required for an electron emitted from
the cathode to reach the anode [11], [20].

A separate series of experiments to be reported elsewhere
indicates that the microwave circuit effect of the electrode
structure in such devices appears to be minimal at X band
[24]. Except for dependence on d as described in (2), the
response of these simple, inexpensive devices is almost
isotropic (directivity differences <3 dB) with any slight
differences from isotropic behavior attributed to glass-
envelope curvature effects. The microwave responsivity is
independent of dc-field polarization. Previous directivity
measurements at S band indicate again almost isotropic
response provided the direction of lamp-orientation varia-
tion is such that d is constant [25]. Antenna properties
exhibited by electrodes [10] are found to be rather
insignificant in such devices [24]. As rectification requires
conversion of signal wave into current through an antenna-
like effect, such phenomena do not appear too likely here.
On the other hand, since ionizing collisions are dependent
upon a total energy difference between colliding electron
and neutral molecule, and not velocity in a given direction,
response directivity results tend to support the microwave-
enhanced-ionization detection model. Additional exper-
imental verification of (2), in terms of dependence of
responsivity on v, has been reported previously by Farhat
[19] for tubes with such electrode geometries.
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Glow-discharge detector response is seen from (1) and (2)
to vary linearly with microwave signal power. This linearity
holds over a wide range of signal powers and dc bias
conditions [11], [14], [25]. These devices are capable, there-
fore, of detecting linearly two microwave signals simultan-
eously [2], [26], [27]. In fact, this is so even for a microwave
and an optical signal simultaneously [5], [7].

The purpose of this paper is to report the high sensitivity
observed in synchronous detection of X-band radiation by
simple, intexpensive, commercial neon indicator lamps when
they mix signal and local-oscillator radiation and the cor-
relation of such results with the enhanced-ionization detec-
tion model as described by (2).

II. EXPERIMENTAL SYSTEM

The experimental system used for these measurements is
shown in Fig. 2. The klystron which served as the signal
source generated a measured signal power of 1.6 mW. The
other klystron, serving as the local-oscillator source, gen-
erated 1.5 mW. In order to operate with a constant difference
(IF) frequency, a phaselock loop was established between
the two sources. The two reflex klystrons were tuned
mechanically to operate at around 9.64 GHz. The signal
source served as a VCO in the phaselock loop [28] with a
function generator operating at 50 k Hz which served as the
difference frequency used here. The magic-T mixed the
radiation from the two klystrons with the difference signal
detected by a IN23 crystal diode. The IF signal was
compared with the 50-kHz function generator signal in a
phase-detection circuit (RCA 4046). The output of the
comparator was amplified by the isolator amplifier and
changed the VCO reflector voltage and thus the frequency of
the signal klystron with relation to the local-oscillator
klystron in order to keep the difference frequency set at 50
kHz. Because of the high voltage-to-frequency sensitivity (2
MHz/V) of the electrical-tuning capability of the VCO
klystron reflector voltage, it was necessary to stabilize its
power supply by doing away with the low-pass filter
normally used in such loops. This is so because a fairly stable
power supply has an inherent low-pass filter, and adding an
additional filter causes unnecessary stability problems.
Since the high reflector voltage floats, it was necessary
because of the required dc coupling to isolate it from the
phase-comparator output. An optical isolator (Raytheon
ISO-Lit 1) was used for this purpose.

The microwave radiation was incident directly on the
glow lamps. The detected signal was amplified over a
10-100-kHz bandwidth and its rms value determined as
shown in Fig. 2.

The glow lamps were situated in the far field of the
transmitting horns, as shown in Fig. 2, and orientated with
their electrode-plane parallel to the direction of microwave
energy flow and perpendicular to the microwave electric

field.

IT1. EXPERIMENTAL RESULTS

The measurements of noise equivalent power (NEP) and
responsivity are summarized in Table I. As the detector is a
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Fig. 2. Microwave experimental setup for synchronous detection measurements. Direction of microwave electric field 1s
perpendicular to plane of paper
TABLE I P, and P, are the average signal and local-oscillator
COMMERCIAL NEON GLOW-LAMP SENSITIVITIES IN OWETS
SYNCHRONOUS DETECTION TO X-BAND RADIATION p : ) ]
WITH LOCAL-OSCILLATOR POWER AS LISTED The rms value of the IF signal current is therefore a result
of the received microwave IF power P, equal to . /2P P 5.
— -1 .« . .
Tube Iyma)  Ame®) V(W) Ppo(aW)  R(VemWT)  NEP The heterodyne responsivity of the detector 1is
P i : ro (w-z=1) ’
accordingly,
Bo-59-2 12 0. 60 65 33.8 462 3.26x107 18 A
- V
A-1-B 15 0. 4k 85 8.2 136 9.05x107 18 R = S )i (4)
2P, Po
NE-3 10 1.01 88 18.7 423 1.29x10717 N
NE-51-H 20 1.09 76 20.3 337 1.39x10717 . . L
R The rms power signal-to-noise ratio is
NE-T6 i 1.26 5 23.4 288 1.61x10717
NE -k u 1.10 68 20.4 169 b, 43x10717 ——
_1s s (AVD( )rm*) 2PsPLOR
NE-T 10 19,63 81 365 31.7  9.96x10 N 2 >p (5)
<y
" 4 (kTe + ,C) BR,
nlhv

square-law device, the change in discharge current gen-
erated by the microwave energy is proportional to

Al o [\/ITS cos (st + @) + «/Pro €08 (wrol + ¢ro))
(3)

where Py g is the received peak local-oscillator power, o and
wro are the microwave radian signal and local-oscillator
frequencies, and ¢, and ¢, are the corresponding phase
angles, respectively. Equation (3) reduces to cosine-squared
terms at frequencies 2w, and 2w which, because of the
limited detector response time result only in dc components
of Al p, and to sum and difference frequencies. The frequency
(ws + wiLo) is also too high for the detector to follow, thus
resulting only in an IF component at the frequency

w, — Wy o of peak magnitude /P P or 2 \/73 P; o, where

where the denominator is the rms “thermal”-noise voltage
power of the glow lamp [11]. [29], which is larger than the
postdetection amphfier noise. In (5) k is Boltzman’s
constant, T, is electron temperature, P, is dc power dissipa-
tion in the lamp, B is the noise bandwidth, and R, s the tube
dc resistance. Lamp operation in the abnormal glow, where
the discharge current is relatively high. results in less noise
because of decreasing Rg. In addition, absence of a positive
column decreases noise further via electron temperature
reduction [1]. Minimum detectable signal P, occurs at
unity signal-to-noise ratio and results in an NEP of

2p
_ (kT + Ldb) R, —

Y v
Snun — — n 6
B P.oR? 2P, R°B (62)
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or, in view of (5), a noise figure of
02 kT,B 02 _ NEP
" 2P,P,R*| P, 2P, o R*T,B kT,

F (6b)

where T is 290 K. The received-signal and local-oscillator

powers were determined according to
_ P:GyA,

p.=_T"s"r
*= I1R? (7a)
PTLOGLOAr
P o= —TLOTLOT, 7
Lo 4TIRZ, (70)

where Pr, Gy, and R, and P, Gio and R, are the
measured-signal and local-oscillator klystron powers,
antenna gains, and measured receiver distances, respec-
tively, and A, is the glow-tube detector area which was
assumed to consist of the area between the electrodes. In
measuring NEP, the signal-klystron radiation was at-
tenuated with the variable attenuators until the detector
noise level was reached. The signal power in (7a) divided by
the appropriate attenuation and 90-kHz receiver bandwidth
is the experimentally determined value of NEP shown in
Table I. Measurements of detector noise levels permitted
additional verification according to (6a). The values of NEP
according to both methods are in very close agreement.
Responsivities were determined according to (7) and (4).
They are very high because of the internal signal gain. The
values of responsivity here are generally about 10-100 times
higher than those measured in [4]. The latter correlate well
with the enhanced-ionization detection model as described
by (2) [11]. The higher responsivity observed here is partly a
result of a different value of d. In the video detection
measurements [4] the parallel-wire electrodes were oriented
in a plane parallel to the microwave electric field and
pe-pendicular to the direction of microwave energy flow.
This means that the value d in (2) of plasma pathlength
traversed by the microwave signal in [4] is equal to approxi-
mately the electrode thickness, or about 1 mm. In the
measurements reported here, the value of d is equal,depend-
ing on the discharge current, to almost the total electrode
length, as shown in Fig. 2. Electrode lengths are on the order
of 4-14 mm, depending on the glow lamp. The change in
glow-lamp orientation is also reflected in the fact that in the

geometric orientation used here the optimum values of

discharge current are somewhat higher than those listed in
[4] In the latter measurements, d was not dependent on
discharge currents. In the geometric orientation used here,d
increases with discharge current. Thus the increase in d
alone here improves responsivity by roughly a factor of 10.

Another factor yielding improved responsivity here is the
effect of tangential microwave electric fields on the
discharge. In the previous geometrical orientation
the tangential field - boundary conditions required
the microwave field in the plasma to be zero on all sides
along the electrode length. In the orientation used here,
the tangential electric-field boundary conditions applied
along the electrode thickness and only along a small differ-
ential of the electrode length. Thus, in the orientation used
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Fig. 3. Variation of neon glow-lamp detector output signal with
received-signal power for Signalite Inc. AOS59-2 glow lamp. Discharge
current is 12 mA and received local-oscillator power is 33.8 nW.
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Fig. 4. Variation of AOS59-2 glow-lamp NEP with received local-
oscillator power. Discharge current is 10 mA. Signal power, decreased
to determine NEP experimentally at each measurement, is equal ap-
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here, more of the plasma is available to interact with
the microwave-signal electric field, and the internal signal
gain is increased accordingly. Assuming then an ionization
potential of neon, an electron density of 101 m ™3, an elastic
collision frequency v ~ w [1],[10], [11],[19], and an internal -
signal gain of 107 instead of 10°, the responsivities measured
here agree reasonably well with (2).

The NEP values measured here are in the order of 10717
W - Hz~ ! when the received local-oscillator power is on the
order of 10 nW. This means, according to (6), that, if the
received local-oscillator power were on the order of a
milliwatt, the expected NEP values would be in the order of
10722 W - Hz™ . Experimental confirmation of the effect of
received-signal and local-oscillator powers on (4) and (6),
respectively, is shown in Figs. 3 and 4. Fig. 3 shows the
dependence of IF responsivity for the A059-2 glow lamp on
\/PTS, within the experimental limits imposed by the calibra-
tion accuracy of the Hewlett-Packard X 375A variable
attenuators. Fig. 4 shows the inverse proportionality of NEP
and local-oscillator power for the same glow lamp within the
same experimental limits. This means, for example, that if
the Signalite Corp. AO59-2 glow tube were to receive a
local-oscillator power of 1 mW, its expected NEP would be
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1.10 x 1072* W - Hz™! in synchronous detection. This is
equivalent to a noise-figure sensitivity limit of 1.10 x 10722
W -Hz '+ (138 x1072*J- K~ x290 K)or

275 x1072.

The thermal sensitivity of crystal diodes usually limits the
local-oscillator power to an average of 10-20 mW or less
because the diode is easily damaged irreversibly by incident
power levels greater than about 50 mW. Glow-discharge
lamps can absorb power levels many orders of magnitude
higher [13], [21]. [22], [25]. When the microwave-field
enhancement of electron random velocity Av approaches the
electron random velocity stemming from the dc electric field
v, the detector response becomes nonlinear [11]. For
the argon gas AR9 tube. this nonlinearity begins at received-
signal powers on the order of 200 mW [25]. However, for
larger received powers, the lamp detects but the response is
nonlinear. Thus, because of their electronic ruggedness and
large dynamic range, glow-discharge detectors are capable,
in principle, of being used with very large local-oscillator
powers and thus of detecting extremely low-level signals.
The output should be linear for heterodyne detection
provided /2P P, o is such that Av < ©. With no fear of
detector damage, local-oscillator powers orders of magni-
tude higher than those used currently in mixers containing
diode detectors can then be used to detect signal powers
orders of magnitude smaller than those achievable today.
The NEP sensitivity limit with glow-discharge detectors is
determined thus not by detector limitations, but by natural
background fluctuations of thermal emission at the
frequency v of interest. For example. at X band. where
kT > hv, T being absolute temperature and / being Planck’s
constant, the minimum detectable signal per unit bandwidth
is ¢kT, where ¢ is the average emissivity of background
objects at temperature T {30]. Signals at lower power levels
cannot be “seen” because of the higher natural thermal-
radiation fluctuations. The ruggedness of glow-discharge
detectors assures that, in principle, with appropriate local-
oscillator powers these ideal NEP limits can be met. Higher
local-oscillator power levels should not affect response
linearity in heterodyne detection of weak signal as the IF
component is proportional to [2P P, o]''%. Unfortunately,
equipment limitations here prevented experimental deter-
mination of NEP values with large local-oscillator powers.

Another advantage of glow-discharge detectors, in addi-
tion to those described at the beginning of this paper, 1s that
the high sensitivity is achieved despite the high noise level as
a result of the very high responsivity. This means that no
special low-noise amplifiers or similar equipment is
required. However, a low-ripple power supply is desirable.

Two disadvantages of commercial glow lamps should be
mentioned. The diameters of the lamps are about three times
the electrode separation. The sensitive detecting area is
therefore a small part of the lamp cross section. Never-
theless, radiation can be focused on the plasma between the
electrodes with inexpensive conducting cones from sheet
metal [1} or plexiglass painted with conducting paint [26].
Such “home-made” antennas, if focused properly on the

sensitive plasma volume, make much more efficient use of
the lamp cross-sectional area. Another possibility is the use
of tapered waveguide mounts. In addition, lamp rise times in
the abnormal glow are on the order of a microsecond in
commercial glow lamps [4],[1],{2].[6]. This limitation stems
not from the detection mechanism itself, but from reactance
inside the lamp [11] as described in (3) by Z. The detection
mechanism itself has an inherent time constant limited by
the reciprocal of the rate of relative ionization energy
transfer in enhanced-ionization collisions, i.c., by the relative
time lapse between enhanced-ionization collisions, and, as
shown elsewhere [11], is less than a picosecond in these
simple, inexpensive, commercial lamps. If the discharge
inductance can be better understood, there is no reason why
lamps cannot be designed for the purpose of being detectors,
instead of indicator lamps, and the speed of response
improved [31]. This is analogous to the diode detector which
is limited with regard to speed of response by parasitic
capacitance. As this capacitance began to be understood,
better and faster detectors began to be developed.

In the experiments reported here the phaselocking was
necessary because of the high klystron voltage-to-frequency
sensitivity to limit the difference frequency to less than a
megahertz in view of the detector rise-time limitations. No
exploitation was made of the phaselocking for predetection
integration. The synchronous detection here is thus equiv-
alent to simple heterodyne detection.
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imental determination of the parasitics of microstrip-transistor
pacscages, based on a resonance principle. A different method of
measuring small reactances and susceptances, also permitting the
determination of transistor-package clements based on time-
domain techniques, is given by Piller in [1]. This method avoids
the difficulties resulting from critical coaxial to microstrip
transitions.

As a result, a slightly different equivalent circuit follows for a
LID microwave package, as given in Fig. 1 [2], [3]. Because of the
simplicity of time-domain techniques for applications up to X
band, this method seems to be more advantageous.
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Fig. 1. LID-package equivalent circuit determined from time-domain measure-

ments, after [2], [3].
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