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Thisisthe original submission of an article | wrote that was published Jan. 31, 2012 in the online
version of Electronic Design. See http: /el ectronicdesign.convanal og/r ediscover -truly-tunabl e-
hall-network . Thisis a deep link and may get moved fromtime to time. If the link does not work
then go to http://www.el ectronicdesign.com and do a search for "hall network". The published
version has a different title and some minor editsin style.

Introduction

The Hall network (Reference 1) is anotch filter related to the twin-tee but has the feature
of being tunable over awide frequency range using a single potentiometer. In its passive
form the notch bandwidth is broad but active electronics can narrow the response and
extend the network to other applications. This article provides complete design
information for the Hall network and presents three one-pot tunabl e applications; a notch
filter, aband-pass filter, and alow-distortion sine-wave oscillator.

Hall network description and infor mation

The Hall network is athird-order RC circuit (Figure 1). R; and R, are the split portions
of the tuning potentiometer which typically includes series end resistors to prevent
adjustment al the way to zero resistance where the network ceasesto function. Signals at
frequencies well below the notch pass through R3; and signals at frequencies well above
the notch pass through the three capacitors. At the notch frequency the separate paths
have equal transmission magnitudes but opposite phase and so sum to zero. Figure 2
shows an example frequency response plot for a 1 kHz notch frequency. The phase
response is approximately zero degrees at the notch.
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1. Origina Hall network in its ssmplest representation
R1 and R, are the left and right portions of the potentiometer
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Frequency Response Plot of Hall Network
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2. Frequency Response of Hall network
Although the overall response is very broad, typical for passive RC circuits, the notch is

very deep.

The math (Reference 2) is arduous because the network is third order and has bridged
nodes. Patient application of standard circuit methods eventually produces the three
important equations. Equation 1 gives the general transfer function of the network.

Eout RiR:RsC1C,CsS’ + RiRA(CiCo + CoC gt CiCa)s* + [Ru(Cr + Cp) + Ro(Co+ Co)]s+ 1

@
Ei N R1R2R301C2C3S3 + [Rle(C102+ C.Cs+ 01C3) + R3C3(R1C1 +R.Co+ RzCz)]Sz + [Rl(C1+Cz)+ R2(02+C3) + R3C3]S +1

Equation 2 gives the notch frequency in Hz and is correct only if Rs isthe required value
per Equation 3.

E_ 1
27,/RR,(CC,+C,C,+CC,)

(2)

For the genera case of C3 = C; and C; = K * Cy, then to achieveinfinite null the required
value of Rz isgiven by Equation 3. For applications where the notch depth must be as
deep as possible use asmall series potentiometer to fine tweak Rs to compensate for
component tolerances. Once R; isfine tweaked it does not need further adjustment for
any tuning setting. Note that R3 affects tuning but should not be used for tuning.
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Asahistorical reference, in 1955 Mr. Hall only indicated that C; equals C; (the math
confirms that ideally those would be matched as that is important for the circuit to work
properly over its tuning range) but said nothing about the relationship of C,. In his 1968
book, Waveform Measurements (Reference 3), Rufus P. Turner illustrated an active band-
pass filter using the Hall network with C; = C3 = 10C,. That ratio has been used in afew
other places where the Hall network has shown up. In his 1975 articlein Ham Radio
(Reference 4) concerning two applications of the Hall network, Courtney Hall (no
relation to the designer) used all three capacitors the same value and noted that they
should all be matched for optimum notch depth. The only known commercial use of the
Hall network is as a tunable band-pass filter for the 1961 Genera Radio product, Type
1232-A Tuned Amplifier and Null Detector (References 5 and 6). An examination of the
manual for thisinstrument reveasthat al capacitors are the same value. This product is
still sold today by IET Labs, Inc. (http://www.ietlabs.com/) as part of the GenRad 1620
Capacitance Bridge. The minimum notch bandwidth (i.e. highest Q) occurs when all
capacitors are the same value (K = 1) and that ratio is used for all examplesin this article.

Tuning and Q characteristics

The tuning characteristic (Equation 4 and Figure 3) is very shalow near the middle of the
potentiometer and very steep near the ends. This curve was derived by amodified
version of Equation 2 where R; was replaced with atuning factor (TF) that varies from 0
to 1 asthe pot is rotated from full counter-clockwise to full clockwise and R; is replaced
with 1 —TF asfollows. The 0.5 factor normalizes the minimum frequency at the center
of pot rotation to 1.0.
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Tuning of Hall Network
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3. Hall network tuning characteristic
Note that tuning is symmetric about the middle point of the potentiometer

The Q (resonant frequency divided by the -3 dB bandwidth) of any passive RC network
islow. With three identical capacitorsthe Q of the Hall network is a maximum of 0.177
when the tuning factor is 0.5 and decreases to zero when the tuning factor is 0.0 or 1.0
(Equation 5). Although active electronics can increase Q up to a practical maximum of
several tens, the best results for applications requiring high Q will be when the tuning
factor isin roughly the 0.1 to 0.9 range.

Q=0.25/TF 00<=TF<=05 (58)
Q=0.25V1-TF 05<=TF<=10 (Sb)

Design for tuning range

Since the tuning curve is symmetric about the mid point of R; + R, it makes sense to add
resistances (Figure 4) to either side of the potentiometer to limit the adjustment range to
the region between 0.5 and 1.0. By symmetry the 0.5 to 0.0 region could have been used
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alternatively but it makes more intuitive sense to the author to pick the right side of the
plot.
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4. Modified Hall network with end resistors to limit tuning range to right hand portion of
Figure 3

Depending on the application, the tuning ratio (the maximum divided by the minimum
desired frequencies over the full range of the potentiometer) might range from 1.1 or less
up to a practical maximum of about 4 with alinear potentiometer. High tuning ratios
must utilize the steep portion of the tuning curve (Figure 3) and become impractical as
tuning is very compressed at the high end. Special taper potentiometers can extend the
practical tuning ratio to over ten.

The choice of starting point on the tuning curve affects tuning linearity. For any tuning
ratio, starting at 0.5 maximizes the tuning non-linearity. Using higher starting points
reduces tuning non-linearity although a point of diminishing returnsis reached at around
0.7. With astarting tuning factor of 0.7 tuning ratios less than about 1.2 result in fairly
linear tuning and tuning ratios up to around 3 are not excessively compressed at the high
end.

The starting point in determining the end resistors is to establish the tuning factor range.
For good results, choose the starting or low tuning factor (TFoy) to be around 0.7 when
the potentiometer wiper is at the full counter-clockwise position and then use Equation 6
to calculate the required high tuning factor (TFign) to achieve the desired tuning ratio
when the wiper is at the full clockwise position. Equation 6 was derived from Equation 4
by first normalizing the result to unity for TF, and then solving the resulting quadratic
equation for TFngh With Equation 4 set to the desired tuning_ratio.

4xTF,, *x(1-TF,,)

1+ |1-
\/ tuning _ratio®
TFhigh = 2 (6)

With the extreme tuning factors known the next step is to determine a good resistance for
the potentiometer, Rp. Equation 7 was empirically derived to provide a geometric center
estimate for apractical resistance for potentiometer based on experience that for agiven
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frequency thereisarange of R and C values that provides good results. Frequency is
nominally the geometric center of the tuning range in Hz but can be any frequency within
the tuning range as there is broad flexibility in using the result.

300,000
= (")

o= ./ Frequency

Choose a convenient value for potentiometer, Rp, between roughly one-fourth to about
four times the geometric center value from Equation 7. The end resistors, Ra and Rg, are

then calculated as follows.

_ R
R =36 e ®)
Ra = Roa X TFiow ©)
Re = R ¥ (1_TFhigh) (10)

For the examplesin this article aHall network was designed to tune from 750 to 1,500
Hz which isatuning ratio of 2. TFaw Was chosen to be 0.7 and TFyign computed to be
0.944. The geometric center for Rp computed to be about 9.5-kQ so a 10-kQ
potentiometer was chosen. Riqa computed to be 40,917 ohms, Ra computed to be 28,642
ohms, and Rg computed to be 2,291 ohms. Ra was rounded to a standard value of 27-kQ
and Rg was rounded to a standard value of 2.2-kQ. The actual tuning ratio was computed
(Equation 11) to be 2.01 with these values. If the rounded resistor values produce a
tuning ratio too different from desired then adjust Rg up or down a standard value as
needed. Thetuning curveisshown in Figure5.

RA RP + RB (11)

tuning _ratio= |1~

(Ry+R:)Rs
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5. Tuning curve for example Hall network
Although tuning is non-linear, it is not too bad.
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Design for capacitors

For three identical capacitors Equations 2 and 3 for the notch frequency and Rz ssimplify
to Equations 12 and 13.

1
i 273RR, xC 12
R,=6(R+R,) (13)

The required capacitance (Equation 14) for each of the three capacitorsis calculated by
inverting Equation 12 and noting that at the minimum notch frequency (full counter-
clockwise of the potentiometer), R; = Ra and R, = Rp + Rg.

C= ! (14)

2ﬂFNOTCH _MINIMUM \/BRA(RP + RB)

For the minimum frequency of 750 Hz the capacitance computed to be 6.75 nF which
was rounded to the standard value of 6.8 nF.

From Equation 13 the value for Rs for theoretical infinite notch computed to be 6 *
(27,000 + 10,000 + 2,200) = 235,000 ohms which could be rounded to the standard value
of 240-kQ for applications where optimum notch depth is not required. For the circuits
in this article R was 220-kQ in series with a 50-kQ series potentiometer and adjusted for
optimum notch depth. The completed design (Figure 6) is now ready to be used in three
useful applications.
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6. Hall network used for all examplesin thisarticle
Tunes from 750 Hz to 1,500 Hz
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Activetunable notch filter

Figure 7 shows an active tunable notch filter with the ground terminal of the Hall
network bootstrapped with adjustable positive feedback from the output. The positive
feedback factor (PFF) varies from O when Rg is at full counter-clockwiseto 1.0 when Rg
isat full clockwise. Increasing the positive feedback factor boosts the Q of the circuit
thus narrowing the notch bandwidth. The resulting Q is the basic Hall network Q at the
given tuning factor (Equation 5) multiplied by the Q boost factor (Equation 15). The
practical maximum for Q is around 30 as adjustment for higher values becomes very
touchy.
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7. Active notch filter
Positive feedback is applied to bootstrap ground end of Hall network to increase Q.

1

- 15
Qeoosr _ractor 1- PEE (15)

Unfortunately, notch depth in a physical circuit becomes shallower with increasing Q
even with the best setting of the optional Notch Depth Optimize adjustment. The
mathematical model does not show this effect. Although not proven, it is suspected that
small phaselagsin U, and U3 are a contributing factor and some kind of phase
compensation would improve operation. For the prototype circuit the measured null
depth at 1 kHz with PFF = 0 was -54 dB and was -45 dB with PFF = 0.9.

The operational amplifiers used for this example were TL084 athough most any op-amp
would work fine. When the Positive Feedback Factor is zero (Rg at full counter-
clockwise) the circuit is ssmply the standard Hall network with unity gain buffers. Asthe
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potentiometer is turned clockwise the notch width narrows until at unity positive
feedback the circuit has no filtering and might oscillate. Except for the notch region this
circuit has unity gain for any setting of the Tuning control or Positive Feedback Factor.

Activetunable band-passfilter

A band-passfilter is formed by subtracting the output of the notch filter from the input
(Figure 8). For best resultsresistors Ry, Rg, Ry, and Ry should be matched.
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8. Band-pass and Notch Filter
Note that the band-passis formed by subtracting the notch output from the input.

A useful characteristic of this band-passfilter isthat the peak response at resonanceis 1.0
independent of Q as set by the Positive Feedback Factor. Thismeansthat asQ is
adjusted signals at the resonant frequency remain unchanged in amplitude while the
amplitude of signals at frequencies away from resonance varies. The notch output is
simultaneously available. The Q of the band-passisidentical to that of the notch.

One-pot tunable low-distortion sine wave oscillator
A low-distortion one-pot tunable sine wave oscillator (Figure 9) is constructed by
combining the Hall network with the light bulb from Bill Hewlett’s famous oscillator

(References 7 and 8). The resistance of the lamp filament increases with the thermally
averaged rms voltage across it (Figure 10) and is used to control the positive feedback

10
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gain to the correct level. The thermal time constant of the filament islong compared to a
half-cycle of oscillation so its resistance remains constant throughout the oscillation
waveform — an important characteristic for low distortion. Before oscillation commences
there is no voltage across the lamp filament so its cold resistance isrelatively low. Thus,
the positive feedback path voltage divider gain to the U; non-inverting input is relatively
high. The negative feedback path gain at the notch frequency isvery low. Sincethe
positive feedback path gain exceeds the negative feedback path gain the system poles are
in the right-half s-plane and oscillation grows exponentially. The lamp filament then
heats with the increasing oscillation voltage across it. Heating causes its resistance to
increase thus reducing the positive feedback path gain and the system poles shift
leftwards.

There are two effects of this thermal control loop. (1) Oscillation stabilizes at the
amplitude where the positive and negative feedback path gains are equal and the system
poles are exactly on thejw axis. (2) The amplitude isregulated by the filament
resistance-voltage characteristic as there is a unique voltage that resultsin equal feedback
gains.

CM8-3995
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NOTCH DEPTH OPTIMIZE SINE WAVE
- OUTPUT
R3 50 K
220 K cw
AN AA—1
c1 c2 c3
6.8 nF 6.8 nF 6.8/nF

9. Low-distortion sine wave oscillator
The lamp filament resistance forms a voltage divider with Rs in the positive feedback
path that increases voltage division with oscillation signal.

Bill determined that a good operating point on the lamp resistance-voltage curveisin the
lower power region where the change in resistance with applied voltageis high as this
provides high stabilization gain. A further advantage of this operating level isthat the
thermal time constant of the filament is long compared to higher operating voltages so
distortionis lower. His oscillator used a 120 volt, 3-watt lamp operating at about 7 Vrms.
Correspondingly, the lamp (Chicago Miniature 8-3995, 130 V, 20 mA in acommon T-

11
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3Yaminiature bayonet base) in this application was chosen to operate at about 7 Vrms.
The lamp produces no visible light at thislow power level.

Characteristic of CM8-3995 Lamp
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10. Plot of resistance versus voltage for the CM8-3995 lamp
Note that the change in resistance with applied voltage is high at low voltages and
decreases for higher voltages

A Texas Instruments TLE2071 was chosen for U; because it is capable of higher than
typical output current to drive the lamp and al so features wider than typical bandwidth.
The amplifier gain at the oscillation frequency is many hundreds so the gain-bandwidth
product of the amplifier must be sufficiently high —typically over one thousand times the
oscillation frequency.

Because of the low resistancesin the positive feedback path it isimportant that the
ground impedance in the circuit be very low. Otherwise the high gain at the oscillation
frequency will amplify small voltage drops across the ground to the point that it may be
difficult to set the oscillation amplitude. Depending on the particular ground impedance
and connections the circuit might oscillate to the full rail-rail output voltage of Uy
independent of the setting of Rg or might have a hysteresis effect where the circuit either
oscillates or not depending on the setting of Rg but no setting will stabilize the amplitude
at adesired level. One quick (but should not be permanent) remedy short of improving
the ground system should these problems occur is to tweak R4 off of the theoretical ideal

12



Design and Applications of the Hall Network

value as this will make the notch shallower thus requiring less gain for oscillation. Each
of these problems was experienced with various prototype versions of the oscillator.
However, the circuit works very well if constructed properly.

Theinitial setting of Re should be full clockwise as thiswill insure that oscillation starts
although the waveform will be clipped at the op-amp rails (use a higher resistance for Rs
if oscillation does not start.). Then adjust Rg counter-clockwise until the output
amplitude is asine wave about 20 Vpp. Thethermal servo system of the filament is
under-damped so the amplitude will fluctuate for a number of seconds before stabilizing.
The ultralow distortion sine wave (less than 0.003%) is worth the wait.

For different designs, choose alamp with arated voltage around twenty, give or take,
times the target rms output voltage. Choose alamp with the lowest rated current for a
given voltage to ease current drive requirement of the op-amp. Then determine the
resistance of the filament at the target operating voltage. Choose Rs to be roughly in the
range of one three-hundredth to one thousandth of that filament resistance. Use Rg to fine
adjust the operating point. Be sure the op-amp has sufficient output current to drive the
lamp peak current and alarge signal gain-bandwidth product at least a thousand times
higher than the frequency of oscillation.

An undesirable characteristic of thiscircuit is that the sine wave amplitude varies with
tuning. Thisis because the transfer gain of the Hall network at the notch frequency
varies with tuning. For stable oscillation the positive feedback factor must also vary by
the same amount. This means that as the Hall network transfer gain decreases the
oscillation amplitude must increase to cause the positive feedback factor to decrease by
the same amount —i.e. the resistance of the filament must increase. Depending on the
tuning range and specific values of the components the amplitude variation with tuning
could range from ceasing to oscillate to clipping at the op-amp power rails. Rg can
always be adjusted to compensate but that isinconvenient. The lamp stabilized oscillator
is attractive for its ssimplicity if the tuning range is narrow or to be permanently set at a
specific frequency.

The only way to obtain stable oscillation amplitude over awide frequency range isto use
an electronic servo system to control the gain instead of the lamp. This approach
achieves amost the low distortion of the lamp circuit while rapidly settling to the
amplitude set point. Because of the much higher impedances in the positive feedback
path, this circuit is practically immune to the ground impedance issues of the lamp
version. A sample circuit (Reference 9 and Figure 11) was adapted from the amplitude
control for the Hewlett-Packard model 239A oscillator.

13
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11. JFET controlled sine-wave oscillator
The JFET isused in its ohmic region as avoltage controlled resistor to manage positive
feedback.

The peak of the sine wave is detected by components D1, Ry;, and Cs. Ry1 limits peak
capacitor charging current from the op-amp to prevent distortion. The output of Uoa is
the control error voltage which is the detected peak voltage minus twice the reference
voltage (VREF = 5 volts for this example) at the non-inverting input. Thus, at zero error
the peak sine wave output voltage is twice the reference voltage plus the diode drop or
about 10.6 voltsfor this example. U,g isaproportional plusintegral controller that
applies avariable gate bias to JFET Q; which operatesin its ohmic region as avoltage
controlled resistor. Theintegral gainis 1/(Rg* Cs) and the proportional gainis R7/Rs. R7
is used to adjust the damping and is a compromise between not too under-damped and
low distortion. Ideadlly, the channel resistance of Q1 would be constant throughout a
cycle of oscillation but the resistance is modulated by the ripple voltage on Cs amplified
by the proportional gain. The lowest distortion occurs when R; is as small as can be
tolerated (i.e. lowest proportional gain and lowest damping) so that the settling time when
changing frequenciesis not too oscillatory. Zener D, limits the voltage swing of U,g to
the gate control range of Q;. The zener voltage may need to be adjusted depending on
the characteristics of a particular JFET.

14
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A type J310 JFET was used for this example but most any JFET should work well with
appropriate adjustments to R, and perhaps D,. The channel resistance is high when the
gate-source voltage is near pinch-off and low when the gate-source voltage is near zero.
The required attenuation factor in the positive feedback path of U; is many hundreds and
isdivided into two parts. Part one consists of the voltage division of potentiometer, Rs,
and part two consists of the voltage division between R, and the resistance of the JFET
channel. Breaking the attenuation into two parts enables asingle relatively low resistance
potentiometer value to be used to scale R4 up to whatever feedback resistanceis required.
If the oscillation amplitude is below the set-point then the error output voltage of Uaa is
positive which then drives the output of U,g negative resulting in a high channel
resistance for Q;. This makes the positive feedback factor relatively high thus causing
the oscillation amplitude to increase until the error voltage is zero.

In the ohmic region of operation, the resistance of the JFET channel isfairly linear for
small voltages across the channel less than afew tenths of avolt positive or negative. C,,
Rs, and Rg form an AC voltage divider that couples half of the small signal at the drain of
the JFET to its gate to significantly improve linearity for low distortion (Reference 10).

The adjustment range of potentiometer, Rs, is divided into three regions:
e Oscillation will not occur if Rs istoo counter-clockwise. U,g will drive the JFET
gate bias towards pinch-off in an attempt to maximize the gain.

e Oscillation amplitude will not be controlled and the peaks may go into clipping if
Rs istoo clockwise. Uyg will drive the JFET gate bias positive in an attempt to
minimize the gain.

e Between the excessive conditions is a zone where the oscillation amplitudeis
controlled and sine wave amplitude is independent of the R3 setting. The
optimum setting for lowest distortion is at the onset of where the output of Uog
starts to quickly go negative. This should be checked over the entire tuning range
and R3 adjusted for best compromise so that the output of Uyg is aways near zero
volts preferably not positive more than atenth of avolt or so. The resistance of R,
has to be selected based on the characteristics of the particular JFET. The useful
adjustment range will be very narrow if R4 istoo small. The circuit will not
oscillateif R4 istoo large. Although thereis broad leeway, agood valuefor Ry is
such that the optimum adjustment of R3 is about one-third to one-half up from the
ground end. Thisvalue has to be experimentally determined.

The distortion of both circuits was measured at 1 kHz using an H-P model 3580A
spectrum analyzer. The amplitude of the fundamental was adjusted to be at the 0 dB
reference level. The sweep range was 0 to 10 kHz and the resol ution bandwidth was 30
Hz. With the lamp version no harmonic was visible above the instrument noise floor 90
dB below the reference level. Thus, distortion isless than 0.003 percent. The JFET
version showed a dight indication at the second harmonic.
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There is some interesting history associated with these two oscillator circuits. Bill used
the lamp filament to increase negative feedback to stabilize his Wien bridge oscillator
while the lamp filament in the Hall circuit decreases positive feedback to stabilize the
oscillation. It isalso interesting to note that the lamp control isfrom H-P sfirst oscillator
and the JFET control isfrom H-P' s last purely analog oscillator before digital synthesis
took over in the 1980s.

One question that arises concerning notch type oscillatorsis how they work at all.
Considering that at the notch frequency the transfer gain is theoretically zero even an
infinite gain op-amp would be insufficient. The solution to this apparent dilemmais that
the net zero phase operating frequency including the small time delay through the op-amp
is not precisely the notch frequency. Thus, thereisafinite, albeit small, transmission
through the network. The op-amp then amplifies that small voltage by many hundreds to
produce the sine-wave output.

Conclusion

The Hall network accomplishes the often sought after feat over many years of being truly
tunable over a wide frequency range using a single potentiometer. It isamystery to the
author why the Hall network did not attain popularity many years ago. Perhapsthis
article will provide the Hall network with a new opportunity to become widely known.
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