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(57) ABSTRACT 
A junction ?eld effect transistor (JFET) RF oscillator-detec 
tor circuit generates an RF signal for an apparatus for 
conducting electrical measurements of particles contained in 
a carrier ?uid passing through an aperture in a cytometer 
?oW cell. The JFET oscillator includes a plurality of parallel 
coupled JFETs having respectively different VDS vs. IDS 
characteristics, that are biased to operate at square laW 
detection regions of their respective VDS vs. IDS character 
istics. One JFET operates in Class C mode, While the other 
operates in Class AB mode. An RF resonant circuit is 
electrically coupled to the JFETs and to the measurement 
cell, and is operative to establish the frequency of an RF ?eld 
applied to the measurement cell. An RF load change detec 
tion circuit is coupled to the RF resonator circuit and is 
operative to detect an RF load change associated With a 
modi?cation of the RF ?eld as a result of a particle Within 
the measurement cell aperture. 
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SOLID STATE RF OSCILLATOR-DETECTOR FOR 
FLOW CYTOMETER 

FIELD OF THE INVENTION 

[0001] The present invention relates in general to RF 
oscillator/detectors of the type that are used for conducting 
electrical measurements of particles (e.g., blood cells) con 
tained in a carrier ?uid in a How cytometer system. The 
invention is particularly directed to a neW and improved 
solid state RF oscillator-detector circuit, that employs a dual 
junction ?eld effect transistor (JFET)-based Hartley RF 
oscillator, having a relatively loW Q tank circuit, that is 
coupled to the How cell by an impedance-matching trans 
former. 

BACKGROUND OF THE INVENTION 

[0002] As an adjunct to the diagnosis and treatment of 
disease, the medical industry commonly employs various 
types of particle ?oW cytometers, such as that diagrammati 
cally illustrated at 10 in FIG. 1, to analyZe particles in a 
patient’s body ?uid (e.g., blood cells). For analyZing a 
patient’s blood, for eXample, a Whole blood sample is 
initially diluted With a saline solution, lysed to eXplode all 
the red cells, and then stabiliZed to return the remaining 
White cells to their original siZe. 

[0003] The prepared blood sample is then placed in a 
sample holding chamber 12, and a stream of the blood 
sample is conveyed along a How channel 11 from the 
holding chamber 12 through a restricted ori?ce or aperture 
14, that alloWs particles to be counted one at the time, and 
into a receiving chamber 16. Via electrodes 21 and 23 that 
are respectively coupled to either end of the How cell’s 
holding chambers (holding chamber 12 and receiving cham 
ber 16) a DC electrical ?eld for measuring the displaced 
volume of each particle and an RF ?eld for measuring the 
density of each particle passing through the aperture 14 are 
applied to the How cell 10 by Way of an oscillator-detector 
circuit 17, Which is preferably con?gured as a Hartley 
oscillator (although other oscillator architectures may also 
be used). 

[0004] As particles pass through the How cell ori?ce 14, 
they introduce changes in the resistance of the ori?ce in 
proportion to their siZe or volume. These changes in resis 
tance are re?ected as DC voltage pulses at the electrodes 21 
and 23. The density or opacity of the blood cells is associ 
ated With changes in reactance of the How cell aperture 14. 
By coupling the electrodes 21 and 23 of the How cell 10 in 
parallel With the resonance (LC tank) circuit of the RF 
oscillator-detector circuit 17, changes in the reactance of the 
How cell are re?ected as a corresponding change in the 
operation of the RF oscillator, Which is measured by means 
of an RF pulse detector/demodulator. 

[0005] For non-limiting examples of US. Patent literature 
detailing conventional electronic tube based ?oW cell RF 
oscillator detector circuits, attention may be directed to the 
Coulter et al, US. Pat. No. 3,502,974: Groves et al, US. Pat. 
No. 4,298,836; Groves et al, US. Pat. No. 4,525,666; and 
Coulter et al, US. Pat. No. 4,791,355. 

[0006] NoW although a tube-based ?oW cell measurement 
circuit of the type shoWn in FIG. 1 is effective to provide an 
indication of both particle siZe and density, it suffers from a 
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number of problems Which are both costly and time-con 
suming to remedy. A fundamental shortcoming is the fact 
that it Was originally designed as and continues to be 
con?gured using relatively old electronic tube components. 
This potentially impacts component availability, as the num 
ber of manufacturers of vacuum (as Well as gas ?lled) 
electronic tubes continues to decline. In addition, the effec 
tive lifetime of a neWly purchased and installed tube in the 
RF (Hartley) oscillator is not only unpredictable, but eXpe 
rience has shoWn that the effective functionality of most 
tubes Within the Hartley oscillator—detector circuit is very 
limited, (even though a tube tester transconductance mea 
surement shoWs a tube to be good). At best a tube can eXpect 
to last someWhere in a range of three to nine months—and 
typically involves on the order of tWo repair/maintenance 
service calls per year per ?oW cell. 

SUMMARY OF THE INVENTION 

[0007] While it might seem that a straightforWard solution 
to the tube aging problem Would simply involve replacing 
the electronic tube (e.g., triode) With a solid state device, 
such as a bipolar transistor, MOSFET, JFET and the like, 
such is not the case. Investigation by the present inventors 
has revealed that, in order to exhibit the sensitivity necessary 
to successfully function as a detector, the tube must operate 
over a relatively narroW, steep sloped region of its plate 
current versus plate voltage relationship, shoWn at 27 in the 
triode characteristic of FIG. 2. 

[0008] It has been found that the relatively short mean 
time before failure (MTBF) of a conventional electronic 
tube-based ?oW cell measurement circuit is due to the fact 
that, as the tube ages, the slope of its plate current versus 
plate voltage characteristic at VGRID=0 falls off quickly, and 
thereby degrades the tube’s sensitivity to the eXtent that it no 
longer effectively functions as a detector, even though it may 
continue to operate as an RF oscillator. 

[0009] If one considers the active device’s (tube or JFET) 
operating range sensitivity (plate or drain voltage vs. grid or 
gate voltage) as a measure of transconductance (gm) depen 
dence, from a comparison of the respective characteristic 
curve sets shoWn in FIGS. 5A (triode) and 5B (JFETs), it 
can be readily seen that a JFET provides a considerable 
improvement over a tube. 

[0010] Typically, for a triode, this becomes 300v/0.1v= 
300011 vs. for a JFET 20v/0.1v=200:1. This is very impor 
tant, given the small change in grid/gate voltage for a 
disturbance caused by the blood cell in the How cell. Thus, 
an electronic tube Will see a times ?fteen degradation over 
a JFET for the same grid/gate voltage change, Which makes 
the tube very dependent upon it’s transconductance gm. A 
small decay in the tube’s gm Will then result in complete loss 
of detection capability. Thus, simply recon?guring a con 
ventional tube-based Hartley oscillator out of solid state 
components Will not necessarily solve the problem. 

[0011] In accordance With the present invention, the dis 
covery of the above-discussed sensitivity-dependent slope 
limitation requirement has led the present inventors to 
design a neW and improved solid state-based Hartley oscil 
lator-con?gured ?oW cell detection circuit, that not only 
solves the tube-aging problem, but provides substantially 
improved performance. As Will be described, the oscillator 
detection circuit of the invention employs a pair of JFETs as 
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its principal active devices (respectively operating in Class 
C and Class AB mode), Which enables the circuit to achieve 
near Zero noise operation With a very high VDS vs. IDS slope 
at a VGS=0 volts. 

[0012] Advantageously, JFETs are inherently noiseless, 
except for the thermal noise intrinsic With channel resistance 
betWeen the drain and the source. In the operation of the 
oscillator/detector, it is very easy to be misled as to the value 
of rms noise level seen at the detector output. The circuit 
noise that is coupled to the detector output is primarily 
related to the conduction time of JFET channel resistance. 
The shorter conduction time, reduction of channel resis 
tance, or reduction of channel current, the loWer the effective 
noise. 

[0013] As Will be described, operation With tWo JFETs in 
different class modes helps reduce the noise ?oor. A loW 
current in the Class AB J FET stage in combination With loW 
channel resistance alloW for a loWer noise ?oor. When the 
Class C J FET stage sWitches on, then only for that time is the 
additional channel device a noise source. The tradeoff is 
conduction time vs. the product of conduction current and 
conduction resistance. 

[0014] In accordance With a preferred embodiment of the 
invention, a pair of parallel-coupled JFETs having different 
transfer functions, in particular different pinchoff VGS and 
max IDSS characteristics, are employed as the principal 
active element of the RF oscillator. As pointed out brie?y 
above, there are tWo modes of operation that occur in both 
a JFET and a triode tube, as shoWn in FIGS. 5A and 5B, 
respectively. As far as RF mode operation is concerned, both 
devices are operated in their linear saturated regions With the 
RF load lines. 

[0015] HoWever, for the detection process, both devices 
operate in their square-laW regions, as shoWn in the pulse 
load line. This is not intuitively evident from a circuit 
simulation, as only the RF region is operative and the 
simulation models do not include the square-laW region. 
Operation in the saturation region cannot develop any 
detectable change due to a perturbation in the loading by a 
cell. The detection process operates near Vgs=0v and Vgc= 
0v, Where the highest slope in the square-laW region occurs. 
Both circuits are biased for the saturated region to support 
RF generation. 

[0016] There has been considerable study on the tempera 
ture effects of the JFET to detection stability. A single JFET 
device can be biased such that it can be made substantially 
independent to effects of temperature. HoWever, this biasing 
condition causes the JFET to be operated, such that Vgs is 
quite far aWay from Vgs=0v. The net result is that the 
oscillator Will not function as a detector. While it is possible 
to cause the biasing to change as a result of temperature— 
Which stabiliZes the JFET—the net result is that the correc 
tion activity introduces a noise source, that limits its use 
fulness. 

[0017] With a pair of JFETs operating With different 
parameters, each device Will be set at a different tempera 
ture, Which leads to problems With temperature stability. 
While it may be possible to selected tWo JFET devices such 
that they Will cancel out each other’s temperature curves, 
this is not a viable solution from a manufacturing perspec 
tive. As a result, it is preferred to install the tWo JFETs and 
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an associated current mirror in a temperature control cham 
ber. This provides the circuit designer With considerable 
latitude in the choice of J FETs, as only the detection process 
needs to be considered. 

[0018] In a preferred embodiment of the invention, the 
respective parallel-connected source-drain paths of the tWo 
(Class C, Class AB) JFETs are coupled betWeen a DC 
voltage supply node and a center tap of a primary Winding 
of a flow cell impedance-matching, ferrite core toroid trans 
former. This transformer also forms an inductive component 
portion of a relatively loW Q resonator circuit that sets the 
fundamental resonant RF frequency of the oscillator. The 
frequency of the loW Q tank circuit can be adjusted by a 
variable capacitor. 

[0019] The transformer’s primary Winding is coupled to 
parallel connected gates of the JFETs through a gate input 
circuit, that includes a DC battery (resistor-capacitor) path 
for increasing gain as a bootstrap impedance feedback at loW 
frequencies, and a parallel capacitor path that effectively 
bypasses the battery at RF frequencies. 

[0020] The transformer alloWs the required gate biasing 
resistance to be matched to the load presented by the 
?oWcell. By matching to the flow cell load is meant that the 
loW Q tank circuit’s transformer is poWer-matching the RF 
oscillator to the flow cell for optimum detection sensitivity. 
This is not meant to imply that the impedance of the flow cell 
is being matched to that of the RF oscillator. In a tube-based 
circuit of the prior art, the grid bias resistance can be very 
high, for example on the order of one megohm, Which alloWs 
tWo things to occur. First, the grid bias resistance has no 
loading impact on the tank circuit. Secondly, the tank circuit 
can have a very high Q (e.g., on the order of 120). 

[0021] Using a transformer to enable a relatively loW gate 
resistance to bias the J FET requires tWo parameters from the 
tank circuit: the tank Q must be loW (e. g., betWeen 8 and 20), 
as gate resistance dominates the loading, and a step-up 
secondary Winding provides matching betWeen the loWer 
impedance of the JFETs and the higher impedance of the 
flow cell. In addition, the RF voltage applied across the flow 
cell can be considerably higher than could be tolerated by 
the JFETs directly. 

[0022] More particularly, the RF voltage presented across 
the flow cell itself is approximately What is seen at the J FETs 
gates. HoWever, an AC voltage divider is formed betWeen 
the transformer secondary Winding and the flow cell With a 
capacitor. The capacitor forms part of the impedance match 
ing betWeen the flow cell, a coaxial feed to the flow cell, and 
the RF oscillator. Since a DC current is also presented to the 
flow cell to measure the volumetric displacement of a 
particle, the secondary Winding of the transformer is AC 
coupled to the flow cell. The capacitor serves to match the 
Rf oscillator to the flow cell and its coaxial feed, While 
blocking the DC current of the volumetric measurement. 
Within reason, the higher the applied RF voltage across the 
flow cell, the more sensitive the RF oscillator/detector 
becomes to a dielectric impedance change caused by the 
presence of a particle (blood cell) in the detection aperture. 

[0023] The primary Winding of the loW Q tank circuit’s 
transformer is further coupled to a current sink compliance 
voltage load sensing node of a current (sink) mirror circuit. 
The current mirror circuit is operative to cause the RF 
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oscillator to function as a load detector, by multiplying 
current variations by a synthetic high resistance, and is 
con?gured to maintain a constant output impedance 
throughout changes in compliance voltage. To optimize its 
functionality, the slope of the collector current vs. base 
voltage characteristics of its tWo bipolar transistors is rela 
tively shalloW, so that With load changes the output imped 
ance Will remain effectively constant and high. 

[0024] The current mirror is coupled to a bypass capacitor 
Which provides both a loW impedance path to ground for the 
RF signal, and serves as an energy storage device for 
ensuring a good transient response for the current mirror 
circuit. The bypass capacitor serves to capture a change in 
RF oscillator load due to a particle passing through the How 
cell aperture. The value of the bypass capacitor is chosen to 
match the RF impedance seen looking into the tank trans 
former. Thus, the value of the capacitor Will have the same 
RF impedance as that of the tank Winding. This matching of 
the RF impedances Will yield the maximum detected load 
change signal. 

[0025] As pointed out above, the RF oscillator employs 
both a Class C JFET and a Class AB JFET. For optimum 
operation in Class C the conduction angle is 153 degrees. 
Class AB causes the conduction angle to be increased to a 
value betWeen 200 and 300 degrees. Since there is no steady 
state conduction of either JFET, the JFETs may be consid 
ered to be operating as current pumps rather than as linear 
devices. Each JFET injects a current pulse simultaneously 
With the cyclic sWing of the tank circuit. The Class AB JFET 
has a higher pinchoff voltage and loWer maX Idss than the 
Class C JFET. As a consequence, the Class AB JFET injects 
a smaller current pulse but of longer duration into the tank 
circuit than the Class C JFET. 

[0026] The Class C J FET injects a poWer pulse that rapidly 
ramps up the gain of the loop much higher than the other 
JFET could achieve. Since noise is a function of current and 
time into an impedance, then if the poWer pulse is shorter 
than the average, the amount of noise energy is reduced. 
What is effectively achieved is a tradeoff betWeen that 
required to sustain operation as an RF oscillator and What is 
required to function as a load change detector. The change 
in pulse current is coupled to doWnstream ampli?cation 
circuitry. 

[0027] In operation, a DC current source delivers a pre 
scribed current coupled by the ?oW cell interface circuit to 
a How cell electrode, to produce a DC electrical ?eld for 
measuring the siZe of each particle passing through the How 
cell’s detection aperture. A disturbance in this DC electric 
?eld due to a particle is re?ected by a change in compliance 
voltage of the current source. When particle siZe Within the 
aperture increases, the aperture resistance Will also increase, 
increasing the current source compliance voltage, as the RF 
oscillator requires less current pulse injection to maintain RF 
amplitude. To detect a change in particle opacity or density, 
the nominal RF frequency is coupled by the transformer 
secondary through the interface circuit to the How cell. The 
presence of a particle in the How cell aperture causes a 
change in How cell reactance, as the resistance and capaci 
tance of the aperture are effectively part of the resonant 
circuit. 

[0028] Although the Q of the transformer-con?gured tank 
circuit Will increase slightly due to the presence of a particle 
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in the aperture, this does not have nearly the impact on the 
JFET oscillator’s operation as in a tube design. In a high Q 
tank circuit, the presence of a particle causes the oscillator’s 
frequency to shift upWards toWards the Q peak of the tank. 
The closer the oscillator frequency approaches that of the Q 
peak, the less pulse injection current is required to maintain 
the oscillator’s voltage amplitude. 

[0029] For the case of a loW Q tank, there is little change 
in frequency due to the presence of the particle, as there is 
no signi?cant tank resonance frequency. Still, there Will be 
a reduction in loading and the JFET Will need to inject less 
of a current pulse into the tank, to maintain the oscillator’s 
amplitude. As a consequence, a loW Q tank design responds 
almost exclusively to the real resistance change caused by 
the loading of a particle. A high Q tank, hoWever, is very 
sensitive to both the real and reactive load changes, as the 
reactive change causes signi?cant changes in the oscillator’s 
frequency. This is an important issue as the dual JFET 
detector of the invention responds only to the poWer loading 
changes caused by a particle, Which results in better small 
particle linearity. This improvement in linearity is seen 
mostly in particles that are smaller than ?ve microns in 
diameter. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0030] FIG. 1 diagrammatically illustrates a particle ?oW 
cytometer; 

[0031] FIG. 2 shoWs the plate current versus plate voltage 
characteristic of a vacuum triode tube employed in a con 
ventional ?oW cell measurement circuit; 

[0032] FIG. 3 is a schematic diagram of a dual JFET 
based oscillator-detector for a How cell measurement circuit 
in accordance With the present invention; 

[0033] FIG. 4 shoWs an RF pulse Waveform associated 
With the RF oscillator-detector circuit of FIG. 3; 

[0034] FIG. 5A shoWs a load line superimposed on a plate 
current versus plate voltage characteristic of a vacuum triode 
tube; and 

[0035] FIG. 5B shoWs a pair of drain current vs. drain 
to-source voltage characteristics of respectively different 
JFETs and associated load lines. 

DETAILED DESCRIPTION 

[0036] Referring noW to FIG. 3, an embodiment of a dual 
JFET-based oscillator-detector for use in a How cell mea 
surement circuit in accordance With an embodiment of the 
present invention is schematically illustrated as comprising 
a solid state RF oscillator 30, that is coupled through an 
interface circuit 180 to a How cell, such as a blood ?oW cell, 
shoWn at 10. 

[0037] In accordance With a preferred embodiment, a pair 
of parallel-coupled JFETs 50 and 60 having respectively 
different transfer functions, in particular different pinchoff 
VGS and maX IDSS characteristics, such as those shoWn in 
FIG. 5B, are employed as the principal active elements of 
the RF oscillator 30. As described brie?y above, there are 
tWo modes of operation for these tWo JFETs. For RF mode, 
the tWo JFETs 50 and 60 are operated in their linear 
saturated regions With their RF load lines of FIG. 5B. For 
particle detection, they are operated in their square-laW 
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regions, as shown by the pulse load lines, as operation in 
their saturation regions cannot develop a detectable change 
due to a perturbation in the loading by a particle. The 
detection process operates near Vgs=0v and Vgc=0v, as this 
is Where the highest slope in the square-laW region occurs. 
The load change is observed as the average in the compli 
ance voltage across a by-pass capacitor 170 of a current 
(sink) mirror circuit 150. 

[0038] A ?rst JFET (e.g., JFET 50) operates in Class C 
mode, While a second JFET (JFET 60) operates in Class AB 
mode. This is readily achieved by selecting JFET 50 to have 
a ?rst VGS (e.g., VGS5O=2V), and selecting JFET 60 to have 
a second VGS (e.g., VGS6O=4V). The net effect is a slope 
change in the composite VDS vs. IDS characteristic When the 
class C device (e.g., JFET 60) turns on (When VGS reaches 
4v). 
[0039] The use of a pair of parallel-connected JFETs also 
increases the current handling capability of the RF oscilla 
tor-detector. As a non-limiting example, loW voltage JFETs 
operating in a VGS range of (—1 to —7) volts, such as 1111 
Series JFETS from TEMIC Semiconductor, or 2N6550 
JFETS from InterFET may be employed. 

[0040] As noted earlier, While one might choose the values 
of VGS and IDS for the tWo JFETs 50 and 60, so that there is 
no change in detected particle siZe vs. output signal for a 
variation in temperature, such a task is relatively impracti 
cal, particularly from a standpoint of attempting to balance 
three terms for each J FET: VGS, IDS and device temperature. 
As pointed out above, to circumvent this problem, the 
JFETS 50 and 60 and an associated current (sink) mirror 
circuit 150 are preferably enclosed in a temperature con 
trolled housing or chamber. A temperature controlled envi 
ronment provides the circuit designer With considerable 
freedom to choose JFET characteristics that provide the 
intended detector performance. In effect, essentially any tWo 
JFETs having VGS values more than tWo volts apart can be 
used. The remaining design parameter is oscillator current 
for maximum detector sensitivity. 

[0041] The respective parallel source-drain paths 51-52 
and 61-62 of JFETs 50 and 60 are coupled betWeen a DC 
voltage supply node 32 and a ?rst end 71 of a bias resistor 
70, a second end 72 of Which is coupled to a center tap node 
83 of a primary Winding 80 of a multiple Winding trans 
former 90. The transformer 90 is preferably of a ferrite core 
based, toroidal Winding con?guration and is used to step the 
voltage sWing of the RF oscillation voltage up to the How 
cell load and increase the load impedance seen by the How 
cell, namely matching the impedance of the How cell With 
that of the oscillator. In addition, the transformer forms an 
inductive component portion of a relatively loW Q LC tank 
or resonator circuit shoWn in dotted lines 100, that sets the 
fundamental resonant frequency of the RF oscillator 30. 

[0042] It should be noted that the use of a multiple 
Winding transformer also involves the folloWing consider 
ations. For a transformer having only tWo Windings, three 
resonant frequencies are possible: 1—primary With the 
addition of the secondary capacitance; 2—secondary With 
the addition of the primary capacitance; and 3—primary 
With the addition of mutual capacitance. Where additional 
Windings are involved, there is an increase in the number of 
possible resonant frequencies. 
[0043] It is important to ensure that the RF oscillator 
cannot readily hop to another resonant point in response to 
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a change in oscillator loading. A relatively expeditious Way 
to evaluate this possibility is to use a gain/phase analyZer, 
Wherein a phase vs. frequency plot indicates all of the 
resonant frequencies that the transformer Will support. If any 
of these resonant frequencies are too close together, the RF 
oscillator may hop to another resonant point in response to 
a loading change. When this happens a hysteresis loop is 
formed, Whereby the hop frequencies betWeen the tWo 
resonant points require an overshoot to occur before the 
transition state can occur. 

[0044] As noted above, since LC tank circuit 100 has a 
loW Q, it has little sensitivity to reactance changes in the 
How cell, as there is insigni?cant change in frequency. 
Therefore, the tank 100 responds almost exclusively to the 
real resistance change caused by the loading of a particle. 
This contributes to JFET detector 30 responding only to 
resistance loading changes caused by the particle, resulting 
in better small particle linearity. 

[0045] A ?rst end node 81 of primary Winding 80 is 
coupled to a ?rst end 111 of a ?xed value capacitor 110. A 
second end 112 of capacitor 110 is coupled to the center tap 
node 83 of primary Winding 80. The end node 82 serves as 
a current sink compliance voltage load sensing node of a 
current mirror circuit 150, and is coupled to a ?rst end 121 
of a variable capacitor 120. A second end 122 of capacitor 
120 is coupled to end node 81 of primary Winding 80. The 
average DC voltage at node 82 re?ects a change in loading 
of the Rf oscillator by a particle. 

[0046] The combined capacitance of capacitors 110 and 
120 and the inductance of the primary Winding 80 and a 
secondary Winding 130 of the tank/resonator circuit 100 are 
selected to establish the resonant frequency of the oscillator, 
for example, in a range of from 10-40 MHZ, as a non 
limiting example. The value of the capacitor 110 is prefer 
ably selected to stabiliZe the frequency of operation of the 
RF oscillator 30 (prevent hopping betWeen resonant fre 
quencies associated With the tWo transformer Windings, as 
described). The use of variable capacitor 120 alloWs the 
resonant frequency to be ‘tuned’ as desired Within the 
available range de?ned by the parameters of the tank cir 
cuit’s LC components. 

[0047] The ability to adjust the frequency of the RF 
oscillator Without impacting detector sensitivity and opera 
tion facilitates tuning out unWanted frequency spurs, such as 
might be generated by a local radio station, for example. In 
accordance With a non-limiting but preferred embodiment, 
variable tuning capacitor 120 may comprise a glass piston 
tuning capacitor. This type of capacitor serves to prevent 
changes in capacitor value as a result of changes in atmo 
spheric pressure, and thereby eliminates the issue of manu 
facturing the circuit at sea level for use at an elevated 
altitude. 

[0048] The ?rst end node 81 of the primary Winding 80 is 
further coupled to the parallel connected gates 53 and 63 of 
JFETs 50 and 60, through a gate input circuit 140. The gate 
input circuit 140 has a ?rst path comprised of a capacitor 
141, and a second path containing series-connected capaci 
tor 142 and resistor 143 coupled in parallel With capacitor 
141. The series connection second path through capacitor 
142 and resistor 143 acts as a DC battery input to the gates 
of the JFETs 50 and 60, and also increases the gain as a 
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bootstrap impedance feedback at loW frequencies, While the 
?rst path through capacitor 141 effectively bypasses the 
battery at RF frequencies. 

[0049] A further gate bias resistor 144 is coupled betWeen 
gates 53 and 63 and a reference potential terminal (ground). 
The values of the resistors 70 and 144 may be selected to set 
the particle detection sensitivity of the circuit. The action of 
the transformer 80 alloWs the gate bias resistor 144 to be 
loW, Without signi?cantly loading the How cell. 

[0050] The second end node 82 of the primary Winding 80 
is further coupled to a loW-pass ?lter 40. LoW-pass ?lter 40 
is operative to reject the RF signal seen on a by-pass 
capacitor 170 Within oscillator 30. The current mirror circuit 
150 is operative to cause the oscillator 30 to function as a 
load detector, by multiplying current variations by a syn 
thetic high resistance (Which is equivalent to using a high 
voltage supply and a plate load resistor in a conventional 
triode tube con?guration). The current mirror circuit 150 is 
con?gured to maintain a constant output impedance 
throughout changes in compliance voltage. 
[0051] In order to optimiZe the functionality of the current 
mirror 150, the slope of the collector current vs. base voltage 
characteristics of the tWo bipolar transistors 160 and 162 
should be relatively shalloW, so that With load changes the 
output impedance Will remain effectively constant and high. 
The collector 161 of the transistor 160 is coupled to the 
second end node 82 of the primary Winding 80 and to a 
capacitor 170, Which provides both a loW impedance path to 
ground for the RF signal, and serves as an energy storage 
device for ensuring a good transient response for the current 
mirror circuit 150. 

[0052] Capacitor 170 serves to capture a change in RF 
oscillator load due to a particle passing through the How cell 
aperture. As the load changes as a result of the presence of 
a particle in the How cell aperture, the compliance voltage of 
the current mirror 150 Will change. The values of the bypass 
capacitor 170 and the components of the current mirror 150 
are preferably selected to maximize the magnitude of the 
detected RF pulse, Which is sensed at the node 82, as noted 
above. 

[0053] Because the RF oscillator employs both a Class C 
JFET and a Class AB JFET, the current demand at the node 
82 as seen by the current mirror Will have only a pulse 
component. The change in pulse current is averaged across 
the capacitor 170 and loW frequency AC coupled to doWn 
stream ampli?cation circuitry through loW-pass ?lter circuit 
40. The loW-pass ?lter circuit 40 includes a series circuit of 
an inductor 42—capacitor 43—resistor 44 coupled to 
ground, With the node 45 betWeen inductor 42 and capacitor 
43 coupled to grounded capacitor 46. The load-induced 
compliance voltage, such as that associated With a particle 
detected in the How cell ori?ce, is extracted via an RF pulse 
output terminal 48 coupled to the node 47 betWeen capacitor 
43 and resistor 44. The RF output terminal 48 is ported to 
doWnstream RF pulse ampli?cation circuitry (not shoWn). 
[0054] As pointed out above, in addition to providing an 
inductive component portion of the relatively loW-Q, LC 
tank or resonator circuit 100, the transformer 90 is used to 
match the impedance of the How cell With that of the RF 
oscillator 30. For this purpose transformer 90 has its sec 
ondary (toroidal) Winding 130 coupled betWeen a ?rst port 
181 of a How cell interface circuit 180 and ground. 
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[0055] The secondary Winding 130 is preferably (minimal 
spacing) interleaved With and Wound upon the same toroid 
core in the same Winding direction as the primary Winding 
80 of the transformer 90, so as to provide a high coupling 
coef?cient betWeen the transformer Windings. Also, the turns 
ratio betWeen. the primary and secondary Windings is 
de?ned in accordance With the impedance parameters of the 
oscillator and How cell. As a non-limiting example the ratio 
of turns of the primary Winding 80 to the secondary Winding 
130 may be 2:1. 

[0056] The How cell interface circuit 180 is con?gured to 
couple DC and RF to and from the How cell, While also 
decoupling the DC voltage from the RF signal. For this 
purpose, the How cell interface circuit 180 comprises a ?rst 
capacitor 190 that is coupled betWeen the ?rst port 181 and 
a second port 182. The ?rst capacitor 190 of the interface 
circuit 180 serves as a short circuit for RF signals, While 
blocking DC. 
[0057] An additional feature of the transformer design of 
the present invention is that the ferrite material used Will not 
support loW frequency signals; thus, any residual loW fre 
quency signals coupled through the series coupling capacitor 
190 cannot pass through to the gates of the JFETs. Port 182 
may be coupled to the How cell by means of a section of 
transmission line, such as the center conductor 201 of a 
section of coaxial cable, the outer sheath 202 of Which is 
coupled to ground. 
[0058] Advantageously, the use of the coupling trans 
former 90 to match the impedance of the How cell to that of 
the RF oscillator avoids the complexity of having to pre 
cisely set the parameters of a transmission line that could 
otherWise be used to connect the tank circuit to the How cell. 

[0059] An inductor 210 is coupled betWeen the second 
port 182 and a third port 183, and is employed to provide a 
loW frequency or DC coupling and high frequency (RF 
blocked) path betWeen ports 182 and 183. The How cell 
interface circuit 180 further includes a second capacitor 220, 
Which is coupled betWeen the third port 183 and a fourth port 
184, Which is coupled to ground. Like the ?rst capacitor 190, 
the second capacitor 220 serves as a short circuit for RF 
signals, While blocking DC. The interface circuit’s third port 
183 is coupled via a link 230 to a DC current source 240, that 
contains a current mirror circuit 250 coupled betWeen a DC 
poWer supply terminal 252 and a current supply port 241. 
Link 230 is further coupled to a DC response output port 
232, that is ported to doWnstream DC pulse ampli?cation 
circuitry (not shoWn). 
[0060] In order to provide an indication that the oscillator 
is in fact operating, the transformer 90 further includes a 
tickler transformer Winding 135 that is coupled to an input 
port 302 of an RF oscillation detector 300. RF oscillation 
detector 300 is comprised of a Zener diode 311 coupled in 
circuit betWeen input port 302 and output port 301. Afurther 
Zener diode 313 and a capacitor 315 are coupled in parallel 
betWeen port 301 and ground. Due to the fact that the ferrite 
core of transformer 90 is not functional at loW frequencies, 
there is no loW frequency noise path from the RF oscillation 
detector 300 into the oscillator 30. Also, a high level AC 
voltage can be realiZed from only a feW turns of the tickler 
Winding 135, facilitating recti?cation of the signal to a DC 
level by the relatively simple circuit arrangement as shoWn. 
[0061] In operation, the current source 240 provides a 
prescribed DC current via port 241, Which is coupled over 
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link 230 to the third port 183 of the How cell interface circuit 
180. Via inductor 210, the compliance voltage is coupled to 
the second port 182 and via coaXial cable 200 to one of the 
electrodes of the How cell (the other electrode of Which is 
grounded). The applied compliance voltage is blocked from 
port 181 due to the presence of capacitor 190. 

[0062] As pointed out above, the compliance voltage is 
used to generate a DC electrical ?eld for measuring the siZe 
of each particle passing through the ori?ce aperture of the 
How cell. A perturbation in this DC electric ?eld as a result 
of a change in resistance due to the presence of a particle is 
re?ected by a change in the compliance voltage on link 230, 
With the magnitude of the change being indicative of the 
volume or siZe of the particle. This particle siZe-represen 
tative DC pulse is applied to output port 232 for processing 
by doWnstream circuitry, as described. 

[0063] To detect a change in particle opacity or density, 
the nominal RF frequency (e.g., a 10-40 MHZ signal, 
referenced above) generated by the RF oscillator 30 is 
coupled via the secondary Winding 130 of the transformer 90 
to the ?rst port 181 of How cell interface circuit 180. This RF 
signal is coupled via capacitor 190 to the second port 182 
and applied via the coaxial cable 200 to one of the electrodes 
of the How cell. The applied RF signal is blocked from port 
183 due to the presence of inductor 210. 

[0064] The RF frequency produces an RF ?eld for mea 
suring the opacity or density of each particle passing through 
the ori?ce aperture of the How cell. The presence of a 
particle in the How cell aperture produces a change in 
reactance in the How cell, as the resistance and capacitance 
of the How cell aperture are effectively part of the resonant 
circuit. 

[0065] As noted earlier, even through the Q of the tank 
circuit 100 Will increase slightly due to the presence of a 
particle in the aperture, this does not have nearly the impact 
on the JFET oscillator’s operation as in a conventional high 
Q tank tube design, in Which a particle causes the oscillator’s 
frequency to shift upWards toWards the Q peak of the tank. 
The closer the oscillator frequency approaches that of the Q 
peak, the less pulse injection current is required to maintain 
the oscillator’s voltage amplitude. 

[0066] In the loW Q tank circuit of the invention, there is 
little change in frequency due to the presence of the particle, 
as there is no signi?cant tank resonance frequency. HoW 
ever, the reduction in loading Will still be seen and the J FETs 
Will inject less of a current pulse into the tank circuit, to 
maintain the RF oscillator’s amplitude. Namely, the loW Q 
tank circuit of the invention responds almost exclusively to 
real resistance change caused by the loading of the particle, 
in contrast to a high Q tank, that is sensitive to both the real 
and reactive load changes, as the reactive change causes 
signi?cant changes in the oscillator’s frequency. Thus, the 
JFET detector of the invention responds only to the resis 
tance loading changes caused by the particle, Which results 
in better small particle linearity, Which is seen mostly in 
particles of a diameter less than ?ve microns. As described 
above, a change in the value of How cell resistance Will 
change the amplitude of the detected RF signal; and an 
increase in the value of the How cell resistance Will cause an 
increase in the oscillator’s current sink compliance voltage. 
There Will be no change in RF envelope amplitude. It may 
be noted that a change in the RF carrier envelope is not 
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modulation but a baseline shift, as modulation requires a 
frequency or amplitude change, Which a baseline shift is not. 
HoWever, Class C mode JFET causes its gate-source to act 
as a recti?er, so that there may be some degree of modula 
tion or Waveform distortion that occurs on every particle of 
the carrier. This form of Waveform distortion is not consid 
ered to be modulation that is induced by the presence of a 
particle in the How cell. 

[0067] An increase in the RF pulse Waveform in FIG. 4, 
shoWn as an increase 261 in the amplitude of the RF current 
signal 263, is ?ltered by the loW-pass ?lter 40 and output 
therefrom as RF pulse 265 via the RF pulse output terminal 
48 and ported to doWnstream RF pulse ampli?cation cir 
cuitry. As pointed out above, due to the loW Q of its tank 
circuit 100, the RF oscillator 30 operates principally on the 
real load change in the How cell. In contrast With a tube 
based oscillator circuit, frequency shift is essentially negli 
gible, so that the detector of the invention is effectively 
independent of the operating frequency of the oscillator. 

[0068] The duration of the modulation of the RF current is 
equal to the length of time that the particle is present Within 
the How cell aperture. The peak of the RF signal can be 
utiliZed to differentiate betWeen different particles that intro 
duce different impedance changes to the How cell. 

[0069] As Will be appreciated from the foregoing descrip 
tion, the shortcomings of a conventional tube-based ?oW 
cell measurement circuit described above are effectively 
obviated by the solid state-based Hartley oscillator-con?g 
ured ?oW cell detection circuit of the invention, that not only 
solves the tube-aging problem, but provides substantially 
improved performance. By con?guring the RF oscillator 
from a pair of parallel-coupled JFETs having respectively 
different VDS vs. IDS characteristics, one of Which operates 
in Class AB and the other of Which operates in Class C 
mode, the invention is able achieve near Zero noise operation 
With a very high VDS vs. IDS slope at a VGS=0 volts. Using 
a transformer as part of the loW Q tank circuit not only 
provides the inductive component of the resonator, but 
matches the impedance of the load cell to the resonator. The 
inclusion of the current mirror Within the RF oscillator 
causes the RF oscillator to function as a load detector, by 
multiplying current variations by a synthetic high resistance, 
and maintains a constant output impedance throughout 
changes in compliance voltage. 

[0070] While We have shoWn and described an embodi 
ment in accordance With the present invention, it is to be 
understood that the same is not limited thereto but is 
susceptible to numerous changes and modi?cations as are 
knoWn to a person skilled in the art, and We therefore do not 
Wish to be limited to the details shoWn and described herein, 
but intend to cover all such changes and modi?cations as are 
obvious to one of ordinary skill in the art. 

What is claimed: 
1. A circuit for use in an apparatus for conducting elec 

trical measurements of particles contained in a carrier ?uid, 
that passes through an aperture in a measurement cell to 
Which an electric ?eld is applied, said circuit comprising a 
solid state RF Hartley oscillator-detector containing a plu 
rality of solid state devices having respectively different 
transfer function characteristics, and an RF resonant circuit 
electrically coupled to said plurality of solid state devices 
and said measurement cell. 
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2. A circuit according to claim 1, wherein said RF 
resonant circuit comprises a loW Q RF resonant circuit that 
is matched to the impedance of said measurement cell. 

3. A circuit according to claim 1, Wherein said RF 
resonant circuit includes a transformer that is operative to 
step up the RF voltage variation output of said RF oscillator 
detector to an elevated RF voltage variation applied to said 
measurement cell, and increase the electrical impedance of 
said RF oscillator-detector seen by said measurement cell. 

4. A circuit according to claim 1, Wherein said measure 
ment cell includes electrodes adjacent to said aperture, and 
further including an interface circuit that is operative to 
couple a DC voltage from a DC voltage source, and an RF 
voltage from said RF resonator circuit to said electrodes of 
said measurement cell, and to derive changes in said DC 
voltage and said RF voltage, While decoupling said DC 
voltage from said RF voltage. 

5. A circuit according to claim 1, Wherein said RF 
oscillator-detector comprises a junction ?eld effect transistor 
(JFET)-based Hartley RF oscillator. 

6. Acircuit according to claim 5, Wherein said J FET-based 
Hartley RF oscillator includes a plurality of parallel-coupled 
JFETs having respectively different VDS vs. IDS character 
istics, With a ?rst JFET of said plurality of JFETs operating 
in Class C mode, and a second JFET of said plurality of 
JFETs operating in Class AB mode. 

7. A circuit according to claim 2, further including an RF 
load change detection circuit coupled to said RF resonator 
circuit and being operative to detect a change associated 
With a particle detected in said measurement cell aperture. 

8. A circuit according to claim 7, further including a 
current mirror coupled an RF load sensing node of said RF 
load change detection circuit, and being operative to main 
tain a constant output impedance over changes in compli 
ance voltage. 

9. A circuit according to claim 8, further including a 
bypass capacitor coupled to said RF load sensing node, and 
Wherein parameters of said bypass capacitor and said current 
mirror are selected to maXimiZe the magnitude of an RF load 
change detection pulse at said RF load sensing node. 

10. A circuit according to claim 8, Wherein said RF 
oscillator-detector comprises a junction ?eld effect transistor 
(JFET)-based RF oscillator, that includes a plurality of 
parallel-coupled J FETs having respectively different VDS vs. 
IDS characteristics, With a ?rst JFET of said plurality of 
J FETs operating in Class C mode, and a second J FET of said 
plurality of JFETs operating in Class AB mode. 

11. Acircuit according to claim 2, Wherein said loW Q RF 
resonant circuit includes a glass piston variable tuning 
capacitor coupled With a Winding of said transformer for 
establishing the resonant frequency of said RF resonant 
circuit. 

12. A circuit according to claim 3, Wherein said trans 
former includes a tickler transformer Winding coupled to an 
RF oscillation detector for providing an indication of the 
operational state of said RF oscillator. 

13. A junction ?eld effect transistor (JFET) RF oscillator 
detector circuit for use in an apparatus for conducting 
electrical measurements of particles contained in a carrier 
?uid passing through an aperture in a measurement cell to 
Which an electric ?eld is applied, said JFET RF oscillator 
comprising: 

a plurality of parallel-coupled JFETs having respectively 
different VDS vs. IDS characteristics, and being biased 
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to operate at square laW detection regions of their 
respective VDS vs. IDS characteristics, a ?rst JFET of 
said plurality of JFETs operating in a ?rst class mode, 
and a second JFET of said plurality of JFETs operating 
in second class mode different from said ?rst class 
mode; 

an RF resonant circuit electrically coupled to said plural 
ity of parallel-coupled JFETs and to said measurement 
cell, and establishing the frequency of an RF ?eld 
applied to said measurement cell; and 

an RF load change detection circuit coupled to said RF 
resonator circuit and being operative to detect an RF 
load change associated With a modi?cation of said RF 
?eld as a result of a particle Within said measurement 
cell aperture. 

14. A JFET RF oscillator-detector circuit according to 
claim 13, Wherein said RF resonant circuit comprises a loW 
Q RF resonant circuit containing a transformer that is 
operative to step up an RF voltage variation output of said 
RF oscillator-detector to an elevated RF voltage variation 
applied to said measurement cell, and increase the electrical 
impedance of said RF oscillator-detector seen by said mea 
surement cell. 

15. A JFET RF oscillator-detector circuit according to 
claim 14, further including a current mirror coupled to an RF 
load sensing node of said RF load change detection circuit 
and being operative to maintain a constant output impedance 
over changes in compliance voltage. 

16. A JFET RF oscillator-detector circuit according to 
claim 15, further including a bypass capacitor coupled to 
said RF load sensing node, and Wherein parameters of said 
bypass capacitor and said current mirror are selected to 
maXimiZe the magnitude of an RF pulse at said RF load 
sensing node. 

17. A JFET RF oscillator-detector circuit according to 
claim 16, Wherein said loW Q RF resonant circuit includes 
a glass piston variable tuning capacitor coupled With a 
Winding of said transformer for establishing the resonant 
frequency of said RF resonant circuit. 

18. A JFET RF oscillator-detector circuit according to 
claim 13, Wherein said ?rst JFET operates in Class C mode, 
and said second JFET operates in Class AB mode. 

19. A JFET RF oscillator-detector circuit according to 
claim 13, Wherein said measurement cell includes electrodes 
on input and output sides of said aperture, and further 
including an interface circuit that is operative to couple a DC 
voltage from a DC voltage source, and an RF voltage from 
said RF resonator circuit to said electrodes of said measure 
ment cell, and to derive changes in said DC voltage and said 
RF voltage, While decoupling said DC voltage from said RF 
voltage. 

20. A JFET RF oscillator-detector circuit according to 
claim 14, Wherein said transformer includes a tickler trans 
former Winding coupled to an RF oscillation detector for 
providing an indication of the operational state of said JFET 
RF oscillator. 

21. For use in an apparatus for conducting electrical 
measurements of particles contained in a carrier ?uid pass 
ing through an aperture in a measurement cell to Which an 
electric ?eld is applied, a method of coupling an RF ?eld to 
said measurement cell and deriving changes in said RF 
electric ?eld associated With the presence of a particle Within 
said measurement cell aperture, said method comprising the 
steps of: 
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(a) providing an RF oscillator that includes a plurality of 
parallel-coupled JFETs having respectively different 
VDS vs. IDS characteristics, and biased to operate at 
square laW detection regions of their respective VDS vs. 
IDS characteristics, With a ?rst J FET of said plurality of 
JFETs operating in a ?rst class mode, and a second 
JFET of said plurality of JFETs operating in second 
class mode different from said ?rst class mode, and an 
RF resonant circuit electrically coupled betWeen said 
plurality of parallel-coupled JFETs and to said mea 
surement cell, and being operative to establish the 
frequency of an RF ?eld applied to said measurement 
cell; and 

(b) coupling said RF resonator circuit to an RF load 
detection circuit that is operative to detect an RF load 
change associated With a modi?cation of said RF ?eld 
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as a result of said presence of a particle Within said 
measurement cell aperture. 

22. A method according to claim 21, Wherein said RF 
resonant circuit comprises a transformer that is operative to 
step up an RF voltage variation output of said RF oscillator 
detector to an elevated RF voltage variation applied to said 
measurement cell, and increase the electrical impedance of 
said RF oscillator-detector seen by said measurement cell, 
and Wherein step (b) comprises coupling a current mirror to 
an RF load sensing node of said RF load detection circuit, 
said current mirror being operative to maintain a constant 
output impedance over changes in compliance voltage. 

23. A method according to claim 22, Wherein said trans 
former includes a tickler transformer Winding coupled to an 
RF oscillation detector for providing an indication of the 
operational state of said RF oscillator. 

* * * * * 


