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Summary

Further investigation of the opcration of the hot-wire anemometer has
shown that therc are only two systems which are both statically stable and capable
of improving the frequency response., A description is given of further experiments
which have been made to verify the theory of operation of the wire, using both
radio-frequency and direct current heating. An analysis of some feedback systems
is given, and it is shown how these techniques may be used in the measurement of
turbulence at high air specds.
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Introduction

In a previous paper1 an analysis has been given of the opecration of a

hot-wire anemometer using radio-frequency heating and direct current hegting,

and e¢xperimental evidence in support of this thcory has also been given®. The
resent paper deals with further theoretical and practical aspects of anemometer
operation. In Section 1 it is shown that there are only two stable feedback systems
which will improve the frequcncy response, onc suitable for radio frequency
applications and the other for dircet current heating., The latter is analysed in
detail in Section 143. In Section 2 overall fecdback systems are analysed. Two
methods of improving the radio frequency oscillator system are described in
Section 3. In Section L a description is given of some elementary checks made on
the zero-freqguency operation of the self~oscillatory radio-frequency system to
verify the equivalent circuit developed in Refe 1.

Experimental results sre presented in the remainder of the paper. Some
of these results were cbtained with platinum wires of resistance 10 to 25 ohms,
such as were used in the experiments previously described in Ref. 2. These wires
are, however, only suiltable for use at low airspecds and for use at transonic and
supersonic speeds tungsten wires of resistance 2 to 5 ohms have been used. The
develepment of a welding technique for these wires has been reported6. With these
low resistance wires it is more difficult to create a practical embodiment of the
theory, but by the use of high radic frequencies considerable progress has been
made.,

1.1 Static Stability

In Ref. 1 it was shown that, to approach ideal operation, a hot-wire
should be connected in a circuit which gives a straighteline rclation between
voltage and currcnte This is shown in Fig. 1, which is reproduced here fér
convenicnce from Pig, 7 of Ref. 1.

It was shovm how such a relation could be obtained by positive feedback
from voltage to current. We now consider thc general case of feedback from both
voltage and current.

If a wire is connected to a voltage source V, which has an internal
resistance p, the wire voltage v and current 1 arc given by:

v+ pli = V.

Similarly, if a wire is connccted to a current source I, which has an
internal admittance vy, ,

1+ yw = I,
In general, let us take the rclation:
al + gv = v

where o and B are positive. We now add terms A1 and upv 1o indicate
feedsback from the wire current and voltage to the source, as follows:

al + pBv = '/\.i+[.N+ LV soee (1)

This gives a straight line which intevrsects the hot-wire characteristic at the
opcrating point (sce Fige 1)e The slope of this line, Ry, is given by

AN=a
R IS e oo 62)

C
g = u
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If the slope of the hot-wire characteristic at any point is Ry, small
increments of wire current Ai and voltage Av are connected by the relation:

Av = R'W [ ] Ai ’

The increment of the right-hand side of Eqn. (1), which results from a
current increment Ai, is the incremental feedback, and, if this is less than the

incrcment of the left-hand side, the operating point will be statically stable.
This gives, as a nccessary condition for stability,

A+ HRY,<GJ+ﬂRW
ieCu, A=a< (8= u)RW . eee (3)

We now consider two cases, first f# - u> 0, aond second, F - u < 0. When
B = u>0 we have from (3)

N =-a
seramere < R'W io(30, R
£ =u

<F, from (2).

(] w

In this case, therefore, the slope of the straight line must be less than the
slope(o§ the hot-wire characteristic for stability. Vhen A = g <O we have
from (2

N ~-a
v RW i'en’ RC > RW'
B =y

Here, the slope of the straight line must be greater than the slope of the hot-wire
characteristic for stability.

The two regions for stability are showm in Fig. 2. The region of
stability given in the seoond case is not of practical interest, because to approach
constant-resistance operation of the wire the slope of the straight line should
approximate to v/i. In other words, the conditions R,> Ry and Rp= v/i are
incompatible, because Ry is considerably larger than v/i. We therefore confine
our attention now to the case 3 = u> O.

Since in practice we require R, 1o be positive, it follows from (2)

Two special cases of interest now arise, first o = 0, second
f = 0. The first implies pure voltage fecdback, the second pure current feedback.
When o is zero, \ must be positive, so we must feed back positively from
current to voltage. There is no need for any voltage feedback, since u can be
zero. If any positive voltage feedback is used, it must not exceed a certain
value, but there is no limit to its magnitude if negative.

On the other hand if B is zero, p must be negative, that is we must
feed back negatively from voltage to current. In this last case we must also
have N\ = a > O, so0 there must also be some current feedback. The connection of
these two extreme cases with the general case can be seen from the following

table.

§ a B A u
General Case + + >a <@
Voltage Feedback “OWﬂ_“ﬁ:‘ + <g
Current PFeedback + 0 ‘ sa -

' We/
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We emphasize again the fundamenbal differences between the two extremes:
in the first case the curremt-to-voltage feedback is positive and the voltage-to-
voltage feedback can have either sign, whereas in the second case the voltage-to-
current feedback is negative and the current-to-current feedback must be positive
and exceed a certain value.

It has been shown in Ref. 1 that the first of these two cases, that of
voltage fecdback, lends itself to radio-frequency systems, whereas it is evident
that if direct currents arc to be used the second casc, that of currcnt feedback,
would be more practical owing to the low impedance of the wire.

An embodiment of the second casc is shown in Fige 3 (Refs. 3, 4)e Here
H is thc hot=wire, P, Q, S are fixed resistances, and the block represents a
dircct-coupled amplifier of gain m. If the rcsistances P, Q are so large that
the current through them is negligible compared with the hot-wire current, we have
pure current fecdback. The input to the amplificr is (PSi = @v)/(P + Q) so that,
if the slope of the pentode is s,

PSi ~ Qv
1 = M eemm——— iO XX (}+)
P+ Q

where 1, 1is the current in the pentode when there is no inpub to the amplifiers
This may be written:

v = Rgl + 'V'o see (5)
P P +Q P+Q

where Rc = = ¢ 8 = e tand v, = iy == eeo (6)
Q smQ smQ

This is shovm in Fige. Le

It was shown in Refe 1 that the response of a hot-wire to velocity
variations can be Tound from an cquivalent circuit which is reproduced here aa
Fig. 5. In this circuit, :‘La is a current generator whiich simulates the velocity
variations, and Ai, Av arc changes in the hot-wire current and voltage. Ry is
the hot=wire resistancc, and Ry 15 Ry - I (see Appendix). C is a capacity
such that CR, is the time-constont in constaut-current operation.

When v and i are related by Eque (5) the equivalent circuit reduces
to that shovm in Fig. 6.

The overall time-constant is now given by
1 L]
R, = Rg

T = CR'b ’ 'YX X3 (7)
B+ R, = Rg

It is evident from Fige 4 that

v Vo~ VO VO
R:L - RC = - - --——.-—-' = ':"'" ese (8)
11 1.‘1. li
CRpvo
so that T = "'""" ------ e <9)
Rbli * Vo

When/
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When v, << Ryi, we have approximatcly
T = em e ove (10)
The smaller it is possible to make Vos the smaller is T, but difficulties

arise with dynamic instability, which is considered in the following Section.

12 Dynamic Stability

In the preceding Section, we have assumed that increments of wire current
and voltage are related by Av = R, « 41, where Ry 1s the slope of the v/i
characteristic. This is only true if thermal equilibrium is maintained. For rapid
changes, we should take Av = R, o Ai, where R = v/i.

This consideration modifies the criterion for stability when £ > u
since R1 < RW, and it becomes

ﬁ>ll’ Rc<R10

The criterion when £ < u is not affected.

These two regions for stability are shown in Fig. 7. It is impossible
to operate stably in the range R, < R, < R . This result can also be obtained
from the expression 7 for the time-constant, which is negative, indicating
instability, when R, <R, < Ry + R« It is shown in the Appendix that
Ry + Ri = R, so0 that this result is the same as the above.

In deriving the equivalent circuit Fige 6,°from which the expression (7)
is derived, it has been assumed that the relation v = R,i + v, is valid at
all frequencies. In practice the frequency characteristic of thc feedback amplifier
will modify the equivalent circuit in a manner which is discussed in the next
Section.

1¢3 Effect of Amplifier Cheracteristios

Referring to Eqn. (6), vhen we consider that the amplifier gain m is
a function of frequency, we will vrite

v o= Zci + Vo
P P+Q
where 2o = =8 = = .
Q smQ

We will take P = Q, and let 2/s = r, so that 2, = S=1x/m and v,
is given by

vO = ior/m. oo (11)
Suppose that at zero frequency m = mj and Z, = Rg, =0 that
r 1 1
R, = S~==, and R, =2, = r|==—|" .o (12)
m, . m  mg

From the equivalent circuit shown in Mige 6, replacing R, by Zg we find that

Al

i

1

1+ (R =2 )(1/Ry + pc)}"i, ees  (13)

a -
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We now find (R, = Z5) in terms of m:

R, =%, = R, =R, + R, =2
Vg 1 1
= ==t |====| from (8) and (12)
i, m My
rii m,
IV - N I
mo |3y m

Substituting in (13),

Al 1 {mg i, =2
— oz (14 = o= =l = (1+PTC)1 = G, say
i, Aim i, J
where A = R,bmo/ r and T c = CRb
[ 1] -2 A n/mg
G = T+ o where Gy = (1 + pTc)"" o mmem—————

Gg (1 = y/m)
and y = 1=~iy/i.

The relation between Ai and i i1s thus the seme as would be found in
a feedback system with open-locop transfer {function equal to G.,e The first factor
in Gz vrepresents a simple integrating time-constant, and the second a regenerative
amplifier of gain Am/m. and feedback factor y/A. This equivalent circuit is
showm in Fig. 8., When The dependencé of m on frequency is neglected so that
m = m,, the ¢verall response has a simple time constant approximately equal to
T c( 1-y)7A, iees, it is reduced by a factor equal to the gain of the regunerative
amplifier.,

We will consider first the special case givenby ¥ = 0, 1lecey

ia. = 1. Since i, is the current when the bridge is balanced, this condition
implies $hat no change in wire current would occur if the feedback loop in Fige 3
were broken.

At this point we indicate briefly how the response function

G = mee—— is obtained from Gy by means of attenuation and phase plots.

1+ Ggq

The modulus, in decibels, and phase of G are plotted against the logarithm of
the frequency, and an approximate idea of the overall response G, is obtained by
taking |Go] = 1 when |Cql > 1, and 'G'c' = iGJ‘ when lGd < 1e The
response G, can be found accurately from the Wichol's Chart?, ‘

If we disregard the frequency characteristic of the amplifiier, (1) in
Tige 9 is the straight line plot of ‘G , Wwhich is greater than unity when

oT. < A. The above approximate reasoning therefore gives an overall response of
unity for «T ., < A and a respense equal to IGdl for wTly > A. This approximate
plot for |Go|c is shown ds (2) in Pige 9. This gives practically the same result
as the acocurate analysis.

The everall Tesponse will be very little altered with a i)ractical
amplifier if the latter has a reasonsbly uniform response, without excessive phase

shift, up to wl,. = 4

Returning now to thec general case when vy is not zero, the above
analysis will apply to the regenerative amplifier which has a gain Am/m  and,

positive/
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positive feedback factor y /A. The actual amplifier used must therefore have
characteristics such that, when this positive feedback is applied, the response
still satisfies the requirement of uniformity and absence of excessive phase shift
up to the breakpoint of the required overall response.

2. Overall Feedback Systems

It has been showm in Ref. 1 that when two types of heating are employed
one of them may be used to simulate velocity variations, and the possibility arises
of using overall feedback. We present here an analysis in which the response
signal appears as a modulation of a radio-frequency voltage, and direct current is
used for feedback. If the two roles are reversed some modification is required,
in that a modulator is used instead of a demodulator, and this appears in a
different part of the loop. Another possibility, which has been considered but
will not be further referred to here, is that of using two radio-frequency currents,
one controlled by the other through a mixer.

The system considered is shown schematically in Fig. 10, in which the
blocks represent transfer functions., The wire is subject to a velocity variation
proportional to i, and also a variation in direct-current Ai . As a result
there is a change in radio-frequency output which is to be found from the
equivalent circuit, Fig. 11, and this is the output from G;. The block G,
represents the demodulator circuit and subsequent amplification. Blocks Ga and
H represent circuits whose purpose is to improve the frequency response.

-1
i 1
Evidently == = { === 4 H = (¢, say. ees (1)
i, G,G,G,

Feedback systems fall into two groups: first, those in which a constant
radio-frequency heating voltage or current is supplied, so that the resistance
changes with velocity, and secondly those in which it is arranged that the
resistance is substantially constant at zero frequencye

2.1 Constant-voltage Systems. MNegative Feedback

When the wire is supplied with a constant radio-frequency heating voltage,
and the demodulated output fed back negatively to reduce resistance variation, the
arrangement shown in Fig. 12 is convenient. The value V,, which is driven by an
external oscillator, supplies power to the wire R via the tuned circuit IC.
Veriations in air speed modulate the voltage across the tuned circuit, which is
applied to the demodulator D. The output from this is amplified and controls a
direct current in the wire via the value V,. The equivalent circuit is shown
in Fig. 13, where i, represents the velocity input, Ai,,.and Aly the
resulting changes in radio-frequency and direct current respectively, and the
chain connecting 2&ig with Ai, is included in the symbol k'. It simplifies
the algebra to modify the equivalent circuit as shovm in Fig. 1, where:

Rin . iRy k'Rb
Rg B s, 1 = e mme——, = e —e &
R, + Ry R+ Ry Ry + Ry
Comparing this with the general systém shown in Fig. 10, we have:
G, = == = (1+ pCRg) = (1 +pT)" .
i'y

Where I, dis the constant-voltage time constant. Evidently
CCH = k and we will take H = 1, regarding the feedback current Aiyz as
tﬁéafinal respouse. In practice, the input voltage to Va would be the rcsponse
of the system. We shonld remark that, with this algebraic simplification, G,

novi/
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now contains certain constants, so that our previous statement that G is
inserted to improve the frequency response has to this extent to be modified.

2.1.1 Frequency-independent Feedback

We consider first the demodulator to be perfect, and the amplifier to
have a gain which is independent of frequency, so that k is a constant. From (14)

/ 1 4 PTs
oo = (10 2Ty
N
= [ + -> (1 + prt)-2,
\ x
where ™ = Tv(1 + k)i,

The overall response is thus given by‘ a simple time-constant which is less then the
constant-voltege time-constant by a factor (1 + k). The response, when plotted as
a function of log w, will have a break-point at w = This result can

easily be demonstrated by means of attenuation firequency pXofb Suppose the loop
gain G G G(‘H, is Gl and H = 1 so that Gg = (1 + 1/(?" from (14)
Where Gf > 1 ‘G, 1, and where ’G' ' ‘__ ’Gf
gt :1.s th€ plot of IG |

Fige 15, (1) is the stralght 1%ne plot of |c
obtained Ly this approximate reasoning. The %.oop gain below the breakpoint 3.s
20 logy, k @B, and above the breakpoint at oI, = 1 falls at a rate of 20 dB
per decade, so that it reaches 0dB at T, = k, o This gives practically the
same result as the accurate analysis.

We will now relate k +to the voltage amplification m wused in the
system, s0 as to find what gain is required for a specified increase in bandwidth.
The output from the tuned circuit is a voltage XAL. where X is the reactance
of the tuned-circuit capacity. If ng is the demodulator efficiency, and s 1is
the transconductance of V,,

Vs Rb
k = Xndms——.—w-- .,
vr R+ Ry
Thus for a bandwidth improvement of N times, we require a voltage gain
given by
Nvy. (R, + Ry)

Typical values are X = 50 oms, s = 5m4/V, ng3 = 0.8, R = Ry, and
Vg = Vp, giving m = 10N. For example s a hundred-fold improvement in
bandwidth would require a voltage gain of 1,000 times.

n oa

2.71.2 Amplifier Charac'beristics

It is well known D that a fecdback s vstem is usually unsteble if the
phase margin is negative when the loop gain exceeds or is equal to wnity. In
practice it is desireble thet the phase margin should exceed 30° when the gain is
unity. In the system described above, the loop gain is unify when iG G, ]A wT .

Assuming/
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Assuming that the amplifier gain characteristic is substantially wniform
up.to this frequency, and equal to k, we have w = k/Tv for a loop gain of
unity, and this is the breakpoint of the overall response, The approximate
attenuation-frequency plot of Fige 15 is thus unaltereds

. £t the upper breakpoint, arg G,(iw) ~ 90°, so that for a phase margin
of 507 here we need arg G,G, > - 60°, This will probably be the case if the
gain characteristic is level up to this frequency.

We conclude that it will be satisfactory if the voltage amplifier has a
characteristic which is level up to the frequency at which the overall response
begins to fall off, If the amplifier is directly-coupled the possibility of
instability only occurs at high frequencies, but if there are condenser-resistance
couplings there is a possibility of positive fecdback at low frequencies. As the
frequency falls there is an increasing phase lead, and if the loop gain is still
greater than unity when the phase margin becomes negative instability will occurs
We cannot usc three equal time-constants in the amplifier because the loop gain
would then be limited to 8 times, whereas we requirc something like 100 times for
a hundred-fold bandwidth improvement. Although instsbility would not occur with
two equal time~constants, the phase margin at wnity loop gain would be so small
as to cause an objectionable peak in overall response.

A solution to the difficulty is found Ly inserting a single time-constent
into the loop, whose breakpoint is at a frequency which is well above that of all
other time-constants, so that the loop gain is reduced below unity when the phase
margin becomes negative. If all the other time-constants are equal and have
breakpoints at « = w;, the breakpoint of this single time-constent must cccur at
w = kuwi, approxima%ely. The effcct on the overall response is negligible at
frequencies above the lower breakpoint w = wys sSince it is only below this
that the loop gain falls below unity.

2.1.3 Differentiated Feedback

Supposc that it were possible to insert in the amplifier a perflect

differentiator so that in Fig. 10 G, = ple. Ve také G, = 1, and H = 1,
1+ pT, i
Then Gg = < ====- —_— 1 from (14)
PTe
R
i j 1
= 1+ = 1 4 e .
Te I p(Ty + Tg)

The overall response has a breakpoint at a frequency given by
WwTy + Te] = 1, and is lcvel gbove this. Deforc the loop is closed the .
breakpoint is given by I, = 1 so that closing the loop lowers the breakpoint.

Fig. 16 shows the attentuation-frequency plots for this system. )
Curve (1) shows the {G,| characteristic, and (2) and (3) are possible lines for
|Gyl - The products |G,G| are given by curves (4) and (5), which corrcspond Zo
(23 and (3) respectively. In the first case, closing the loop produces curve (
which has a lower breakpoint then (2), while in the second case clgs1r}g the loop
makes no difference in this approximate analysis since the loop gain 1s never

greater than unity.
In practice differentiation can be approximately attained by a condenser
and resistance, and this modifies the curves, as shown in Fig. 17. Let

T
¢ = ....?...?..... k., Curves (2) and (3) are drown with the same value of k but

8 1+ pl, o/



in the first case T k > Ty, and in the second case Tyk < Tye It will be seen

that the upper breskpoint is at wl.. = k if the 1oop gain exceeds unity,
independently of the value of Tz, but the lower brecakpoint depends on Ty. Vhen
the loop gain does not exceed unity, the.lower breakpoint is at Ty = 1, while

the upper is at a frequency determined by T . In this latter case there is of
course a loss of signal level, and the feedback is virtually inoperative. An
accurate analysis shows that in the case when kT, = T, and Xk is large, the
upper breakpoint is at twice the frequency given by this aprroximate method, while
the lower breakpoint is at one half the approximatc frequency.

2.1.)4 Phase-compensated Feedback

If we include in the feedback loop a phase~compensation netwoerk we may

1+ pT
take G, = kg -~--~-- 1-, where Xk is the gain without the network., The

1+ peT,
attenuatlon-frequency plot is shown in Fig. 18 where ke > 1. It can be showmn that
the point P is at wI, = k independently of the values of T, and £, so
that the breakpoint of ¥hg overall response is approximately given by «Tv = ke
In the particular case where ko = 1 and T, = Ty, this breakpoint acutally
occurs at a frequency given by I, = 2k,

22 Constant-resistance 3ystem

The transfer function for the self=oscillatory radio~frequency system
whose equivalent circuit is shown in Figs. 11 is as follows:

j R =R 2L, kni
1+"‘"“‘"""+P — + CR =~ Rg +IJ?2LC{ ees (15)

Rb )

and this we may write in the following standard form:

: R~ R\ . o\
Gi (p) = 1 4 mwme——— 1+ 20= 4 o= ’
’ Ry, wd  od

Logarithmic plots of the modulus and phase of Gi(jw) for different valueg of the
damping coefficient I are given in books on networks and servomechanisms”e The
damping depends very much on R, -~ R, as has been remarked in Ref. 1, and under

- -1
certain conditions it mey become zero. The factor 1+ §i-—%9 in the
expression for G,(p) differs little from unity. It could be incorporated in the
current generator, as was done with the factor «-—w~=~- - in the constant-current
system, but it will for simplicity be omitted.
In Fig. 19 is shown the polar plot of G, (dw)} =*, which is a parabola,
the arrow giving the direction of increasing frequency. It will be noticed that

the intercept on the imaginary axis is 2r, and that this point corresponds to
the breakpoint on the logarithmic plots.

2¢2.1 Frequency-independent Feedback

We consider first a system in which the loop gain at zero fregquency is
k, and H = 1. For convenience the factor va/vr is incorporated in the

value of Gé.

To begin with, we shall disregard the effect of the demodulator,
toking G, = 1.
° Ther/
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Then the overall transfer function from (1) is given by

1 1
Go = =415
' 13, |
L. -

o1y 1T
¥1+-—+——-—+-——> .
L k kwq kwqgj

1
Evidently the frequency of the breakpoint has been increased by the factor (1 + k)2
and the damping decreased by a factor (1 + k)Z. An increase in bandwidth is thus
obtained, but it may be accompanied by an objectionable peak in the response, due
to the reduction in damping. The effect is clearly seen on the inverse polar plot,
(Fig. 20), where a oonstant k is to be added to (1), {G,(Jw)l™* giving the
parabola (2) which on division by k gives the new response locus (3). The ratio
OB'/0A' is less than OB/0OA indicating = decrease in the damping.

I

Figs. 21, 22 show the attenuation and phase of G,; above the breakpoint
|G,: falls at a rate of L0 dB/decade s0 that the loop gain reaches zero
decibels at an angular frequency VK . wge At this point the phase margin is
small, its value depending on { and k; as an example, when ¢ = 1 and
k = 100, it is 12°. The overall response therefore has a peal at this point;
with the figures quoted it would have a magnitude of 12dB. The actual response
can be found in any given case from a Nichol's chart?. This is referred to again
in Section 8Bel.

242.2 The Effect of the Demodulator

We now consider what modification in the above analysis is required to
include the inevitable time-constant Tg of the demodulator.

1
Taking G, = ==—---= , we have, from (1) s
1 + PTd
-3
[/ 2p P 1+ 0Ig 1
Gc=<¢1+--—+—~>( ~~~~~~ >+1 .
L\ wq {ugq, \ k ]

The inverse polar plet of ¢ ¢ is shown in Fige 23, and when the constent k is
added to this it is evident that Xk must not exceed the intercept 0C, otherwise
the system will be unstable. The angular frequency at point C is

2N
wg <1 4 m—— ) and the intercept OC dis 2 ;(wq'l‘d t m— > + 1P
wyTa wqly
As an example, we take wg = 50,000 rad/sec, Tq = 1 usec and
2¢ = 1. This gives w at C = qL.6¢uq and OC = 21. Thus a value of
k = 21 will cause oscillation at a frequency equal to L.6 times that at the

original breakpoint. The effect of the demodulator time-constant can be clearly
seen when the attenuation and phase of G,G, are plotted as shovn in Fige 24,
which is drawn for 27 = 1, wg = 50,000 rad/sec and T5; = 1 u sec.

Suppose the value of IGiGQ! when the phase margin becomes zero,
i.ee, phase = 180°, is 1/ky in dB. Then k must not exceed k,, ctherwise
the system will be unstable. With the above values for wg, Tqgy amd § %k, 1is
found to be 21 times, and the angular frequoncy at which the phase margin is
zero is Lebug, as already found.

26243/
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2¢2.3 Compensated Feedback

In order %o avoid the resonant peak produced by direct feedback, three
couwrses have been considered. First, the original transfer function G, may be
so much overdamped that a sufficient amount of direct feedback can be employed to
increase the bandwidth without producing a peak. This is done by using, instead
of a radio-frequency oscillator, =~ circuit driven from an external source. Then
R, ~ R, 1s no longer zero, and by varying the degree of radio-frequency feedback
we vary R1 - R, and hence the damping 7 .

It has been found difficult to implement this idea, and in any case the
dependence for a good response on the rather critical adjustment of a radio-frequency
fecdback would be an undesirable feature. In practice it is found that the response
in a push-pull circuit without feedback does not usually have a peak, and may be
considerably damped, so that some direct feedback can be successfully applied.

Some results are given later, where it will be seen that in fact greater
improvements in bLendwidth can be achieved than would bLe expected from the simple
theory outlined above,

Just as in the constant-current fecdback system, it is necessary to
arrange the low frequency characteristics so that the loop gain does not exceed
unity when the phase margin becomes negative. This can be done, as before, by
providing a single small time-constant in the loop.

When the demodulator time-constant is neglected, the effect of having
Ri ~ Re not equal to zero is to increase the p term. This could be done instead
by employing differentiated feedback in addition to direct feedback. The effect
will not be quite the samc owing to the fact that differentiation is imperfect,
and also owing to modification of the transfer function by the demcdulator.

A third approach is to compensate for the time-constant of the demodulator;
1+ pT
this implies the introduction of a transfer function & ===eewec=— in the loop.
1+pe®
d

The result of this is to substitute a new time-constant € g for T4
but an additional gain factor 1/ is required, It will still be necessary to
have some differentiated fleedback, and the two ideas can be combined by the
provision of a transfer function € ==mem- ~= where Tf is somewhat larger than

1+ PTIC
T'qs This is the same sort of transfer function as will arise in any case when
some differentiated fecdback is added to direct feedback, because the practical
P!
transfer function for differentiated feedback is of the form ~-w=~---, Thus
1 + pT!
the idea of additional feedback and the idea of compensating for the demodulator
arc complementary and come to much the same thing.

Suppose that a mid-frequency loop gain of N times iswecd, so that a
bandwidth improvement VI is aimed at, the breakpoint rising from o _ to
VN . w_s Ve have at our disposal Tp and require to introduce an adgfquate phase
margin at the point of zero gain.

Mge 25 illustrates the effect of choosing € = 0.10 and
Tp = L35 d sec. This locates the upper breakpoint of the phase advancer at
the frequency at which the original system oscillated. ;t shoulti be noi_;ed that
an increased gain is now necesssry since at low frequer.lo:}es an autenuatlc?n of
20 dB is introduced by the phase compensators The original response, FMig. 25 (1)
has a break point at w = 50,000, 27 = 1, T3 = 1 u sec.

I - is (2) an nli d phase response
The original phase response is éi_g and the amplitude and ph
of the compensating network arc shown in (3) and (4)s The loop amplitude and

phase/
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phase response mey new be obtained, (5) and (6), and by-choosing that the phase margin
2%t unity loop gain shall be 20° we may determine from (5) that the overall low
frequency loop gain must not exceed 13.75 dB.

From the Nichol's Chart +he closed loop response (7) is found and it is
seen to have a peak of 8.5 dB at w = 3.5 x 10°, an improvement of 7 times.

The compensator has introduced an attenuation of 20 dB hence the gain
of the feedback amplifier must be 33.75 dB., If the loop gain was restricted to
26.4 dB as in the previous example, Fig. 2, the bandwidth improvement would be
only 3.8 times but there would be an adequate phase mergin of 50° and instebility
could not occur.

2.2, Differentiated Feedback

If in the example just given, a smaller value of € is chosen, the low

frequency loop gain is less than unity, and if € is made vanishingly small,
pelyp
keeping €Ty constant, the transfer function being then e—=--e=----- y the loop
1+p elp

gain and overall gain fall off at low frequencies. Ye then have what may be called
differentiated fecdback, Fife 26. For the same rezsons as sct out in the previous
Section the breakpoint of the differentisting network should be at about the same
frequency as the desired response breakpoint. The overall response will be level
approximately from 1K/N « Wy te VN . w.. The lower cut-off may be an advantage
in practice because the signal from a hot wire below a certain frequency represents
fluctuations in mean specd rather than turbulence.

2.3 Doubly-differentiated Fecdback

If in the general equation (1) we put

2Lp P
¢ = ts-m+-— G =G = 1
(Oq (A)q p;
and make H perform a perfect double differentiaticn, H = = ==
Uq
Zp \"*
we have G, = ( 1 & == > .
“q

The overall response here is that of a simple time-constant Zé/w s SO
that when ¢ is small this would represent a considerable improvement. Wheén we

PTg 2
consider imperfect double differentiation, however, H = }:<-— ) we find
1+ pT
. g
that instability cannot be avoided with realizable gains.

3,. Improvements in the Radio Frequency System

3.1 Peedback from the Wire Voltage

In Section 3.1 of Ref. 1 the following relation for the radio frequency
_circuit was found

adi
AV = RCAi - 2L ——- soe (16)
dt

and this gives the equivalent circuit of Fig. 11. The smaller the value of the
inductance the larger the bandwidth obtainced, but there is a limit to the value

vihich/



-15—

which may be conveniently used in practice (sbout 0.5 uH). New suppose that a
voeltage ko.Av were fed back negatively, and the positive feedback increascd by a
factor 1 + k.

dai
Then Av = (1 + k)Rc Al = 2L == = kojv
dt
2L dai
or AV = Ry Al = e cevees (17)
(1 + k)at

Evidently the effective inductance has been rcduced by a factor 1 + ke

A possible embodiment of this idea is shovm in I'ig. 27 in which the wire
voltage is amplified in A and mixed with the positive fecdback from the wire
current at the grid of V,.

Since the current in the oscillator velve is proportional to the wire
voltage it was thought that to begin with a resistance in the cathede circuit
would provide negative fecdback which would be cifective .from the wire voltage,
but this was later found to be fallacious. In the meantime cathéde degeneration
was tried and found to have a beneficial effect in most circuits, this being
presumably due to a reduction in non-linear effects, which have been negleoted in
our analysis.

It can be shovm, however, that a deorease in eoffective inductance is
obtained il a suitable tuned oircuit is connested in the catheode circuit.

In the following subsection we establish a method of analysing
approximately radio-frequency systems which may be somewhat more complicated than
the simple oscillator so far considercd.

3e1e1 Rodio Frequency Analysis

In Ref. 1 the equation (16) was established by energy considcrations
and +this method would be more difficult to apply in a more compliocated circuit.
We therefore need to establish a more general method.

Consider the voltage and current relationship in a circuit consisting
of a capacity C, inductance I and resistance R in series, Let the voltage
v = Vexp(juot)(1 + o cos 0Qt) be split into carrier and sidebands as follews:

Vaexp Vo
v = Vexp(juot) + = [J(ug + 2)t] + == [exp J(wp = Q)7
2 : 2

The impedance of the circuit is given in general by:

1
Z = JuL % ===+ R o
JwC
If L and C resonate at the carrier angular frequency wg, We have

Z = R at w = we In general let w = wy + Q, where f§i << w,, 50 that,

1 10 1 G
approximately, - = = - —. Then 2 = JjuwaL + JOL + - + R = 230L + R.

w W, W5 JuoC  Juy C

Thus the carrier component of the current will be V/R exp(jwot), the
upper sideband;

Va/
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Va ( ) ZQL
o eZp [Jlwg + ()T -~ tanm™t =ew
2 {B + (20L)2}22 ° R

and the lower sideband;

Va 20L
—e o EXD j(wo - Q)t + tamt ——= |,
2 {RQ + (ZQL)SE:L/Z R

Combining these, we have;

V VO: . ’ Z.QL ~
1 = - exp(Ju,t) + exp(jwot) ces (Qt - tanl - )
R [R? + (eqn)?}r? \ R

From this expression we see that the envelopes of voltage and cur:ent
are related by an equivalent circuit consisting of an inductance 2L in series
with a resistance R, A similar equivalent circuit can be found for any system
which behaves in the same way on either side of the carrier frequency. Another
example is the parallel tuned circuit with C, L and R in parallel, the
equivalent circuit for which is a capacity 2C in varallel with R. Now consider
the circuit shown in Fig. 28, in which an impedance 2j 1is connected in the
cathode circuit of the oscillator.

N

1 i,
We have Av = (ij + ---> AL = ==,
JwC JwC

and i, = s (Juilai = %)
1. sM Al
so that AV = < Juwh + === )} Al = == ¢ emmme— .

When 2, is a resistance R, we have for the modulation angular frequency 1,

sM Al
AV = DHOLAL = me g e eeses (18)
C 7+ sRy

l

The effect of R, is thus merely to reduce the cffective slope by the
factor (1 + sRy). The fallacious reasoning which first led us ‘o believe that
Rk would reduce the effective inductance was based on the first of the above

: -i
a
equations, which at the carrier frequency reduces t0 AV = ====== ,
Jw,C
The cathode voltage is thus proportional to the wire voltage at %he carrier
frequency and it was thought that it would constitute negative feedback from the
wire voltage. The fallacy lies in our neglect of the sideband terms.

When Zj is a tuned circuit consisting of Ry, O, Iy in parallel
for modulation frequencies we take

1 1
-~ = 250C) + —
Zy Ry

which gives

Ry (1 - 2j0CKkRy) if 200 Ry << 1.

B
~
1

Then/
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Av sM 1
Then = 2J0L = -
AL C 1+ st(‘l - 23001 R)
a1 2360
& 2JOL - ——— 1 - k%
C(1 + sRy) 1+ sRy
SIiCkRk sif

ZjQ L TN PeEne iy S e e e e - e

- XXX Y] (19)
(1 + st)z c(1 + st)

The effective tuned circuit inductance is thus reduced and a corresponding
bandwidth improvement would be expected.

A bridge circuit could also be used to obtain the required voltage and
current signals for feedback as shown in Fig. 29. From the figure it will be seen
that the signs of current and voltage feedback are opposite as required. No such
system has been tried in practice since the § of the tuned circuit would be low
and high gain necessary to maintain osecillation. Stray cepacity in the bridge
circuit would also constitute a serious difficulty.

3e2 TImpedance Transformation

The theory of the behaviour of the wire in a selfw-oscillatory circuit
demands that the resistance of the wire be much grecater than that in the remaining
tuned circuit elements, L and C. %hile this condition is relatively easy to
satisfy with wires. of high resistance, say 10 to 25 ohms made of platinum wire in
diameters down to 0.0001 inch, it becomes increasingly difficult to attain when the
shorter, thicker wires with resistances say 2 to 5 ohms needed for high speed
flows are employed.

It is manifest that we can use such low resistance wires if the tumed
circuit inductance is reduced since for a given Q +the resistance of the inductance
L will decreasc with a decrease in L. However there is a practical limit to L
and it may be more convenient to employ some impedance transforming device such as
is now described.

: Consider the network shown in Fig. 30(a) in which X, and =X are
pure reactances. The input impedance Z, of this circuit is 1 /R. If'this
network is preceded by a similar one as shovm in Fige 30(b), th?- input impedance
is (X,/% )?R, sc that if X, dis greater than X, we have an impedance

multiplication.

A practical embodiment is to have induwtances gnd capacitances as shown
in Fig. 30(05). When the resistance of the inductances, say r, and x5, are
included in the analysis, it is found that the input impedance 1is

LG,

i;-é- (R+1x,) + 1,0
3

impedance multiplication factor of, say, 5 times is used, the resistance
gf al;sngidently of lIe)ss ‘importance than r,, and the ?sei\ﬂne?ss of thg de}';ce
will depend on making I considerably less than thg wire res:.s‘bm:zce .R. e
the inductances and capacitances are transposed, a similar gonclus:.on is reac e %
the most important resistance being that of the inductance in the section neares

to the wire.
At/
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At high radio frequencies two transmission lines having different

characteristic impedances may be used to produce a similar impedance multiplication.

3+3 A Note on the Maximum Attainable Bandwidth with Constant Resistance
Heating -

_ Consider the impedance of the tuned circuit at the hot wire terminals,
Fig. 31, where Z is the negative impedance provided by the positive feedback
1loop.

Then the input impedance is Zi, where,
1 ZjwL

Zi = “—— ,
JuC, 2 + jul

w = radio angular frequency

z2(1 - w?*101) + jwl

- 2 3
W I.Ci + JwClZ

This is real if:

wl wC1zZ 7
2(1 - 10, ) - PIC, -wl
ioec, 1 Al wglci = s g
Z
L2
This gives a resonance at w = w,. Wwhere w? (LCi - --> = 1a
o c 7

In general let w = wg + Q where w_s> 0 the modulation frequency,
and as an approximation in the expression for 21 above, we may put:

2
W W + 2on

)
wOQL2
1 =PIl = = sm—m= = 20010, o
Z
Then Z, is found to be Zi = --- (1 - 2500.2)
ZC,
L
ie€e , Zi = = ===+ 2JOL = - R, + 230L

yAs}

and hence, when the system is oscillatory and we assume R4 = R, we may find
the maximum attainable bandwidth, since this is given by:

1 1
T e 3 e, Tc = const. curre. time cone

210 2017 o T¢

2
Yq

100 pF and 2 as = 500 ohms, as set, say,

Thus if we choose C4 C
10 T, and for t say 0.5 millisecs this

by a given oscillator, then Wq
is 20 kc/s.

non

Thus it is seen that there is a limit to the response set by the
oscdllator for any given wire time—constant.

bo/



Lo IxXperimental Verification of the Approach to Constant Resistance Operation

It has been showmn that in a system employing positive feedback the wire
resistance should remain constant when the air velocity is changed, and it has
also been shovm that when two types of heating are employed, changes in air
velocity may be simulated by controlled changes in one of them. This may be used
to check the operation of the circuit. The circuit of a simple oscillator is
shown in Fig. 32 where Rw represents the hot wire fed from the 6J5 oscillator
and from the 6L6 triode-connector. The radic=frequency voltage across the wire
was measured by means of a valve-voltmeter and the radio-frequency cwrrent deduced
from the voltage across the tuned circuit. These two parameters are plotted in
Fig., 33(1) where the chanpges in radic frequency current were obtained by varying
the cathode bias on the 616, and show that the wire resistance is approaching
the desired constant-resistance conditions, the discrepancy being evident from the
intercept on the ordinate. Response measurements made on this circuit showed.
that, under the conditions pertaining in Fig. 33(1), the direct current in the
wire was causing excessive damping.

According to the theory presented in Section 3 the introduction of an
urbypassed resistance Rk into the cathode lead should reduce the slope of the
hot wire characteristic by (1 + sRk).

Here, again, a plot of radio frequency wire voltage against current
should allow this theory to be checked. The circuit shown in Fig. 36 was used
for this purpose as it was found more convenient to operate at low radio frequencies.
The direct heating current was again altered to move the operating point up along
the vy, - i, 1line and without degeneration a wire was found to have a resistance
of 17.95 ohms, Fig. 33(2). A cathode degeneration resistance of 110 ohms was
introduced and with s = 5 mA/V, 1 + sR = 155, so that the hot wire
resistance should now Le 11.6 ohms, whereas in fact it was found to be 11.45 ohms,
Fig.33(3), before the positive feedback was restored to its original level.

From Fig. 33, in which the two lines are shown, it will be seen that cathode
degeneration has reduced the intercept v, the characteristic now approaching
more clesely to constant resistance operation than without degeneration.

When the wire is operated as in Fige 32 the equivalent circuit for
turbulence measurements is as shown 1in IFige 2k

Here we may assume that the resistance to direct and radio frequency

currents is the same and hence the ratio le/vr1 is the same as idi/iri' It
follows from Fig. 34 that we should have:

id:]_ .
Air = e Ald . seeve (20)
ir,
where i3 + i3  is a constant, and that if in Fige 32 the direct current in the

wire is varied and plotted against the radio-frequency current the points should
lie on a circle.

This relationship is illustrated in Pig. 35 where experimental points
are seen tc lie very cleosely on the circle.

It is also possible to test the validity of this equivalent circuit
dynamically at low frequencies by injecting an audio-frequency voltage and
measuring the resulting medulation of the radio-frequency current by mecans of a
demodulator of known efficiency. In the following table of results, igq
and ir1 arc thc mean direct and radio-frequency currents respectively, A4i,
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.is the peak-to-pecak radio frequency current responsc as calculated, while ai; is
the response as deduced. from the demodulator outpute It will Le scen that the
relationship 1is approximatcly ccrrect. . :

(20)

P T - oM, R

mA ; mA, rms % mA, 100¢/s g mA,rms E mA,rms
5.00 | 13,25 | 1,00 . 0,38 0313
5,00 | 13.25 . 0,60 L 0e217 ¢ 04197
10,00 © 10465 | 1,00 i 0,939 04838
10,00 i 10,65 | 0,60 . 04555 . 0165
1250 ¢ 7050  § 1,00 | .67 1 1,170

5« Frequency Response of Typical Oscillator at Low Radio Frequencies

Having established within reasonable limits the validity of the equivalent
circuits which arc shown in Figse 11 and 13 for both pure radio-frequensy
and mixed radio-frequency and direct current heating we are now in a position to
determine whether the expected response bandwidth is achieved. That is to say whether
the values cbtained for bLreak-point frequency w and damping 7 found from
Egqne (15) are realized in practice. In order to permit the constant voltage time
constant CRbg”/(Rb + R') of the wire to be found, and smooth control of positive
feedback also achieved, the circuit shown in Fige 36 wns used, being driven from an
external oscillator, and provided with variable positive feedback through V; and Ve

The tuned circvit R, = L - C is driven from a pentode which provides a
substantially constant current I, in the valve % . The tunéd circuit current is
thus Qo I, = gL I /rs Hence the wire voltage is L « I, which is thus
constant, and the time-constant observed under these conditions is
TW=CWV%+HL%dmmAMM%Rb=&,mMMMMWMWMr
constant-voltage conditions is half that under constant~current conditions, and
C and R, in the equivalent circuit may be calculated.

The tuned circuit is tapped at a suiteble point to give the requisite
phase change for positive feedback through the cathcde follower V;« VWhen no gain
is avplied by means of positive feedback through V, and ¥ the wire is hented
under constant-voltage conditions by Vie In practice the audio-frequency test
signal is injected through a high serics resistance (1,000 ohms is convenient) ,
and the response is measured by means of a wave-analyser at the demodulator output,
The resistance in the cathode of V, may be wholly or only partially bypassed at
radio frequencies, and its cffect has been analysed in Section 3. In gencral it
vwill be seen that the results follow the predicted more closely when t@is resistance
is in use.

With the regeneration in Fige 36 advanced 30 that oscillations commence,
and with the external oscillator removed, thc results shown in Fig. 37 were
obtained. The inductance in the tuned circuit wes 97pH and the frequency of
oscillation sbout 700 kc/s. Little difference, apart from a slightly lower peak
in the response, was observed when an inductive fecdback system wes substituted
for the cathode follower shovm. The constant-voltage response of the wire used
is also shovm, and from it the values of C and R, in the eqpivalent-circuit
mey be calculated if the resistance at the operating point is kndwni.thls may be
found from a single current and voltage measurement on the wire. Wlﬁh
L = 97, C = 23 uf, end Ry = 2000 respectively the break—point should

occur/



occur at 2,,00 ¢/s whereas in practice it is seen to occur at about 2,300 ¢/s.
An increase in Ry caused the response to become mcre peaked, and the frequency
at which the maximum response occurs aporoaches the break-point. The values of
Rk used are shown in Fig. 37.

5.1 Effect of (R, = R.) on Response

In an attempt to determine the exact values of (R, - RC) in Eqn.(15),
gain-frequency measurements were made on the circuit fed from an external oscillator,
which was accurately calibrated, for various settings of the positive feedback
control. From Egn. (15) it is evident that, if (R, - Rc) is not in practice
venishingly small, then it should be considered when calculation of the break-point
is made. From the apwarent  of the circuit, the 3 dB bandwidth and the
inductance, (Ry = R,) may be found. With the hot wire in the tuned circuit a
value of 6.5 ohms wus obtained with the circuit on the verge of oscillation and
171 ohms when only moderate feedback was applied. The value of 6.5 ohms with the
circuit about to oscillate seemed to be extremely high as something of the order
of 0,05 ohms had been thought attainable. The hot wire was removed altogether
and the circuit operated as a regenerative amplifier. Under these circumstances
a gain of 9,500 could be achieved quite simply with low input levels, of the order
of 1 mV, indicating a tuned circuit resistance of 0,02 ohms.

A linear resistance and then a hot wire were next inserted and the gain
with maximum feedback for no oscillations measured over a range of inputs from
0.25 to 100 mV, the results being shown in Fig. 38. Apparently high gain, and
hence lew values of (R4 = Rc)’ are not obtainable with the large inputs necessary
to provide adequate heating of the wire. The rsasons for this behaviour are not
fully understood at present, and the phenomenon is an obvious limitation to any
system which attenpts to reduce the time-constant of a hot wire by such meanse

5.2 Effect of Tuned Circuit Inductance on Resnonse Bandwidth

The fundamental equation expressing the response of an oscillatory system,
Eqn.(15L shows that the bandwidth is inversely propertional to the square root of
the tuned circuit inductance, and to checl: this a scries of response measurements
was made with the circuit shovm in Fig. 36, the external oscillator not being
required, Inductanccs of 97, 11 and 6465 yH were used and in each casc the cathode
degeneration resistance was adjusted to give the optimum peaked response. A wire
of 20 ohms cold resistance was used which had a constant-voltage time-constant of
1043 millisecs, and with thc inductance of 6,65 yH the observed break-point was
seen to be at about 5,700 ¢/s, while a value of 5,200 ¢/s was indicated theoretically,
With the inductance 11 yH the observed and calculated bandwidths were 4,000 and '
LP30 c/s respectively. The results arc shovm in Fige 39 and the result with -
L = 97 yH has been replotted from rige. 37. It will be seen that for the lowest
and highest inductances the observed bandwidth is wider than the expected, while
with the central value the results agree fairly well with theory. When the
uncertainty in evaluating By and C is considered the agreement between theory
end practice is seen to be reasonable.

"o summarize the preceding cxperiments, the equivalent circuit current
gencrators for both direct current and radio frequency heating have been verified,
and an approximate check on the values of the circuit elements C, Ry, Iy = R,
oI, obtained. Reasonable faith can thus be placed in further, analyses based on
this circuit, and it is not proposed to conduct any further investigations along
these lines. No atiempt has been made to take into account non-linearities in
circuit components, although a method of reducing the effect of one of these, the
valve transconductance, has been demonstrated.
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. Purther reduction in the tuned-circuit inductance is of course quite
poss:n.b}e, and in a later section it will be shown that oscillators operating at
very high frequencies (up to 110 lc/s) are feasible, and indeed, necessary. The
circuit so far used is not ideally suited to the higher radio frequencies and it
was abandoned in favour of push-pull and transitron oscillators.

6+ Overall Negative Feedback Applied to Constant Resistance Systems

Before presenting experimentel results we show how the operation of the
syst':em may.be more readily understood by reference to the Nyquist diagram. Such
a diagram is shown in Fige 40 and the values assumed for the coefficients are as
follows: L = 50 yH, C = 50 P, R, = 6M, R =R, = 300 The total
time lag in the feedback loop which includes the demodulator and feedback amplifier
has been taken as 10 ys and the factor K as 66, (R - R,) has been taken as
unusually large to clarify the diagram, but the action of negative feedback is
unaffected,

In Pige 40 XK, Gy is the initial response transfer function Ai/ia, here
plotted as the inverse (K:,.G1 7“1 Tor convenience. The negative feedback loop
’f:ransfer functicn is KaG; where X is K in Section 2.2.1 and is frequency=-
independent while G, dis the frequency-dependent factor (1 + pT)~*,

By addition of K, to (K Gy )% the inverse function is transformed
into (KII.GI. )t o4 K,, and this is illustrated in Fig. 4O, when time lags are
neglected, it will be seen that the locus is shifted X; to the right, thereby
increasing the range over which the response is linear. Vhen the loop time lag is
taken into account, the locus K,G; lags in phase and is reduced in amplitude, so
that the sum (K, G, )% + K.G, is asymptotic to (K G, )~*. The direct locus,
which is X,G, (1 + K K, C, G, )**  can be quickly rep oﬁfted from the inverse locus
on polar co-ordinate paper and this is also illustrated in Pige 40.

6¢41 Experimental Resulis. Negative Fecdback Applied to Constant Resistanoe
Systems

To test the elementary theory of overall negative feedback the circuit
‘showvn in Fige 41 was used. It comprises a straightforward inductive feedback
oscillator V, working at approximately 1.5 Mc/s, a demodulator Vs, and a
feedback amplifier V,V,V; with a 3dB bandwidth of 50 kc/s. The final stage
of the amplifier is a power valve which is also used to set the operating level
of direct current in the wire.

The hot wire is operated at earth potential for convenience. With mixed
heating the response is at the same frequency as the injected test signal but in
general pick-up from direct modulation of the oscillator anode voltage was much
below the level of the response,

With a hot wire of 20 ohms cold resistence (0,0001 in. Pt. Woll, wire)
the responses shown in Fig. L2 were obtained, the negative feedback being increased
from (1) to (3)e It will be seen that the initial response before the application
of negative feedback is highly damped, due to the presence of 8 mA direct cwrrent
in the wire. It can be shown that R, = R,, and therefore the damping
increases as the direct current is increased. This is readily seen from Fige 43
in which the square wave response is seen to deteriorate as the direct current

level in the wire is increased.

In erder to obtain sufficient gain from the 6I6 a level of about
8 mhi was required, as it was found that the transconductance was a linear function
of the anode current up to sbout 7.5 mA, at which it had reached its final
level of 3.5 mA/V. Similar characteristics were found for the type EL33 which
aid not reach full gain of 6 mA/V until the emode current was 12,5 mA,

In/
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In IMige 42 the inductive coupling in the oscillator has been maintained
constant throughout and the calculated break-point ocours at 1.95 ke/s, whereas
the actual response appears to have a brealz-point slightly lewer than this. The
figures -6 and =12 3B refer to the amount by which the low-frequency response
has been suppressed, all curves being dravm with the same low-frequency response
for convenience. The suppression of 12 dB achieved in curve (3) indicates that
a value of (1 + X) = ) has been reached, and that a bandwidth improvement of
2 times is to be expected. The actual improvement appears to be slightly better
than this, although the attenuation after fhe break-point is at a rate greater than
the 12 dB/octave predicted by the simple thecry.

A further check on the theory of this type of feedback was eobtained from
measurements of the amplifier gain required in the feedback loop to produce a
given suppression of the low-frequency response. It was noted in Section 2.1.2
that the value of K is M s X g va/vr. With the oscillator shown in Fig. 41
M was in one example calculated to be 35,3 times to attain a suppression of
l, times in the response while a gain of 30 times was actually found necessarye

6.2 FExperimental Results. Differential Feedback for Stabilization

The damping term ¥ may be directly controlled by means of differentiated --
feedback and this has been discussed in Section 2.2.4. An experimental check on
this theory was obtained by using the circuit showm in Fige 41 with the addition
of an R~C differentiating stage and amplifier as shown in Figs. 44 and 45. The
negative feedback loop is tapped at a suitable point and the signal differentiated,
amplified and mixed with the negative feedback signal at the grid of V,. Typical
responses are shown in Pig. L6 where (1) is the original response with the maximum
permissible negative feedback for stability. The addition of differentiated
feedback has the effect shown in (2) and it will be secn that the peak has been
reduced in amplitude and a slight reduction in bandwidth has also occurred., From
response (2) the negative feedback may now be increased and a widening of the
bandvidth results. The reduction in the peak with differentiated feedback is
seen to be 2.5 dB, the 3 dB bandwidth being reduced from 8 ke/s to 7.3 ke/s.
Purther negative feedback ensbles the 3 dB bandwidth to be increased to 11.5 ke/s.
The optimum differentiated feedback is most readily found when a square wave
testing signal is used and the responses in Fig. 47 show some results cbtained.
Respcnses a and ¢ show the effect of increasing ncgative feedback while b and
d heve increasing amounts of stabilizing feedback in addition. The square wave

is 1,000 ¢/s and the radio frequency 1.2 Mc/s, with L = 50 (.

7« Overall Fecdback Applied to Constant Current and Constant Voltage Systems

The methods described in the previous Scctions, 6 = 6.1, for applying
overall feedback are general in so far as the operation of the wire can be
constant-current, -voltage, ¢r -resistance. It has been shown that there are
adventages to be gained Irom operation of the wire at constant resistance in a
radio frequency oscillator and applying negative feedback through a direct-current

Joop.

It is now proposed to describe a system in which the wire is hcated by
a radio-frequency current under constant-voltage conditions and overall ncgative
feedback is applied, again through a dircet-current loop, to reduce resistance
variations, )

The circuit orrangement shown in Fige 48 is a convenient embodiment of
this principle; V,, which is driven from an oxternal oscillator, supplies power
to the wire R under constant~voltage conditions. This enables sufficient
heating current to be obtained from a low-power valve; if a large valve were used
the wire could be operated under constant-current conditions by omitting L and C.
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Variations in air velecity modulate the voltage across the tuned circuit, and this
is applied to the demodulator D. The output from the domodulator is amplified in
A and controls a direct current in the wire via V,. The equivalent circuit is
shown in Fig. 49(a), where i, represents the velocity input, Ai,. and Aiy; are
the resulting changes in radio-frequency and direct current respectively, and the
tuned circuit, demodulator, amplifier chain connecting Aiz with Ai. is
included in X,.

To simplify the algebraic analysis of the circuit it is modified to the
form shown in Fig. ,9(b), where:

R By, ia By,
Ry = -, i} = == ,
Rg_ + R'b Rg_ + Rb
K Rp
K = e see (21)
Ri + Rb
CRg = Tv, the constant voltage time constant.
The overall response now becomes:
Rg
(i} = Kpip) ——=2-== = Aip . By eve (22)
1+ PCRg
AL, 1
Thus, —— = XX, (23)
iy (1 + K) + PCRy

and the time-constant is reduced by (1 + K)™*, the response being still that of
a simple time-constant as shown in Fig. 50.

The facter K 1is given by:

va By
K = XengellsSemmmmmm=m- eee (20)
vy Ry + Rb
where X = reactance of the tuned circuit condenser
ng = demodulator efficiency
m = gain of amplifier
s = transconductance of V,
vg = initial direct voltage across wire
vy = dinitial radio frequency across wire.

Thus if we are to attain a bandwidth improvement of, say, 100 tinmes,
with X = 50 ohms, n7ngq = 80%, s = 5 mA/V, vg = vy and Ry = Ry, m
must be 1,000, So far it has been assumed that the amplifier has a perfect
characteristic. Inevitably the feedback loop must have a finite phase lag, and
when the loop is closed the phase margin must be greater than 30° for stability
when the loop gain is unity. This occurs when oIy = X(jw) in Fige 50 and
here the phase angle of the wire is nearly -90°. Thus for a phase margin of
30° at this frequency the phase angle of K must be less than 60°. Since the
latter frequency is below 50 ke/s this condition can be met if the amplifier
has a level response up to «Ty = K.

1t/
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If the amplifier has resistance-capacitance coupling a phase lead will
oceur at low frequencies, and with more than two such couplings positive feedback,
and subsequent oscillation, may occur, if, when the phase margin becomes negative,
theloop gain is greater than unity. If one small time constant is inserted
somewhere in the loop with a break-point much beyond all the others the loop gain
may be reduced below unity before the phasc margin becomes zero. The response
should now be taken at some point after this time-constant if a rise at low
frequencies is to be avoided.

7.1 Experimental Results. Negative Feedback Applied to Constant Voltage
System

To test the simple theory given in Section 7 the circuit shown in Fig.51
was employed. Vi is an amplifier wiiich enables V, to provide sufficient
heating current in the wire. The anode voltage of V. is demodulated, amplified
in A and fed back in the correct phase by V, which provides the direct curremt
heating in the wire. The amplifier shown as the block A in Fig. 51 is the
cathode~coupled feedback triple in Fig. 52 which has a gain of 32 dB and a
bandwidth from 25 ¢/s 1o I lic/s, and was developed for general use in such
feedback loops.

A typical response is shown in Pig. 53, where (1) is the constant-voltage
response of the wire, exhibiting a break-point at 900 ¢/s. Drawing the tangent to
(2) at the 6 dB attenuation point the second break-point is seen to be at about
6 ke¢/s. Y¥rom the suppression obtained, 1 dB, we may calculate (1 + K) which
is thus 5, and the new break point should occur at L5 kc/s. The position of
the constant-voltage break-point is somewhat uncertain, due to the fact that the
attermation is at 5 instead of 6 dB/octave. It is also d@ifficult to measure R
and R, accurately so that close agreement between theory and practice cannot be
expected. The rise at low frequencies was due to the response being taken, for
convenience, before the small time-constant (not shown in Fig. 51), which was
inserted to prevent low-frequency instability.

7.2 Constant Voltage System with Differentiated Feedback

The low=Trequency instability with high loop gains remarked upon in the
previous Bection may be avoided if the pure negative feedback is replaced by
differentiated fecdback I{pT2(1 + pT, )"t and the overall rcsponse is taken from
the output of the differentiating circuit. A block diagram is shown in Fig. 54
end we may write down the overall responsc directly from this as:

i, X
—— = - oo (25)
i, 1
K+ (1 + pT1)<1 + -——>
PT,
K
= e see (26)
1 T,
K+ phy + ===+ ==+ 1
P, T,

where K has the same identity as in the previous Section.

If now we put K = 100, sy, and T, = T,/100 the denominater of
Eqn. (26) becomes (200 + pT, + 100/pT,) which may be factorized as:

2otl+ =Y+ : ) e (20)
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1
and the response exhibits two break-points at w, T, = =-—- and T, = 201,
2,01
sey 1/2 and 200, respectively, as shown in Fig. 55.
1
There is a low-frequency cut-off at w, = === which limits the useful
2Ty

bandwidth of the circuit, but it appears that if K is made sufficiently large a
considerable improvement in the high frequency respcnse is obtained without danger
of instability. By considering the integrating time-constant in the feedback
amplifier, normally very much less than 7/200, it can be shown that a third
break-point occurs, causing attenuation at 12 dB/octave but that this is above
the second at w, = 200/T,, and is thus of minor significance.

7e2.1 Experimental Results. Constant Voltage System with Differentiated
Feedback :

The theory was tested using the circuit shown in block diagram form in
Fig. 56, the various stages Leing identical with those showm in Fig. 51, with the
addition of a capacitance-resistance differentiating stage. To make the gain
requirements as low as possible a high-resistance wire was used (30 ohms cold) and
the differentiating time-constant was made variables

The response (2) in Fig. 57 is the output at the differentiating network
with no gain in the feedback loop, while (3) relates to meximum attaineble gain and
a differentiating time-constant of 50 useos. The constant-voltage response is
shom in (1). In general it will be seen thet the expected type of result is
obtained, although the attenuation above the second break point is much sfeeper
than predicted even by a more commlete theory which includes the loop integrating
effects. However, the 3 dB bandwidth has been extended to 17 ko/s and the low
frequency break-point is at 180 ¢/s. Attempts to reduce the differentiating time
constant still further were only partially successful, due to the noise level in
the amplifier.

8. The Use of High Frequency and Very High Frequency Oscillators

Most of the experimental work dcseribed in the preceding Sections has been
concerned with the use of Wollaston wire anemometers having cold resistances
typically between 15 and 30 ohms and nominal diameters of 0,0001 and 0.0002 inches.
It wes realized that validity of the equivalent circuit demanded a wire resistance
at least several times that of the tuned circuit resistance, which is mainly
present in the inductance, and hence wires of this order of resistance generally
gave results consistent with theory when coils with a Q greater than 150 and
inductances less than 1004H were used., The bendwidths are more then adequate for
turbulence measurements at the air speeds at which these wires can be used (up to
200 ft/sec) and epart from the checking of the theory there is little to be
gained in increasing the bandwidth beyond, say, 15 kc/s, since this corresponds to
a spatial resolution of 0.08 inches at 200 £4/sec and this is of the same order as
the length of the wire. Corrcctions can be applied to measurcments made under
these conditions but it is more convenient %o reducc the length of the wire.

When the possibility of applying this method of anemometer operation to
flow investigations at high air spceds was examined it became apparent tha"b the
wire material currently used, platinum, would prove to have too low an ultimate
tensile strength to withstand the higher aerodynamic stresses imposed upon ite
It has boen shown in Ref, 6 that for high speed measurcments it is necessary to
use tungsten wires whose resistauce is in the range 2 = 5 ohms.
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Thus attention became {ocussed on oscillators which would enable wires
of this low resistance to be used and the tuned circuit inductance was progressively
reduced from about 100 ull to 0.5 jH  and the frequency of oscillation increased
from about 1 kic/s to over 100 lic/s.

8.1 The Push-pull Oscillator

Sinpgle-sided oscillators are not ideally suited to operaztion at the
higher radio frequencies because of the difficulty of manipulating the small
inductances, and a push-pull system has much to recommend itself.

The circuit shown in Mig. 58 was developed for the initial measurements
at higher radio frequencies, a double triode typme CV1102 being used which had
separate cathodes suitable for degeneration. The wire is located between the
split section of the tuning capacitance, one end being earthed for convenience to
the positive high tension rail. Provision was made for overall negative fecdback
via the 6L6 and the amplifier A was the A, amplifier of a Cossor 1035
oscillograph. Responses were first obtained with platinum wires of quite high
resistance, 20 olms being typical; later tungsten wires of 4 to 10 ohms were used.
It was found that with this oscillator and an inductance of 2,15 (I the responses
obtained were limited by the valve and not by the wire if the valve was operated
at a low anode current. The best operation is obtained if the standing anode
current is greater than the radio-frequency current in the valve, but if the
standing current is much gbove the rated value the resporses,are again limited by
the valve.

An inductively-coupled demodulator was used throughout, and the measured
frequency of oscillation with L = 5 yH was 9.85 lic/s. The responses shown in
Pigs 59 were those typically obtained using wires of cold resistance 20 ohms in
0.00071 inch platinum and 9 ohms in 0,00015 inch tungsten. Responses (1) and (2)
refer to the platinum wire, (3) and (1) to the tungsten wire. The oscillator
operating conditions are shown on Fige. 59 and it will be seen that the use of
cathode degeneration has a considerable cffect on the bandwidth, the damping being
reduced so that a peak appears in the response (2). I the direct anode current
was not restored after the insertion of Rj). the responses were typically peaked at
a lower frequency than the original break-point and as the wire resistance was
restored to its former operating level by incrcasing the anode current, the response
peak moved upwards as shown in (2).

The effect of overall negative fecdback, which suppressed the low-
frequency response 11 dB, is shovm in (L), the 3 dB bandwidth being 25 kc/s.
There is an unexplained attenuation of 1.5 dB at 6 kc/s extending to 18 ko/s
before falling the further 1.5 dB, TFurther fecdback caused the sudden onset of
oscillations, and few responses were obtained showing a peak.

8.2 DPower Valves for Use in Very High Iregucncy Osqillators

The desire to decrease still further the tuned-circuit inductance and
obviate the effects of non-linear valve operation lecd to the adoption of power
valves for use in the oscillator circuit. For a given wire thc tuned circuit Q
decregses as the inductance is decreased and hence the dynamic impedance presented
to the anodes falls, so that oscillations will cease when the product of the
dynamic impedance and the slope bccomes less than wnity. A survey of all suitable
valves, including receiving typcs such as the CV1102 already used, indicated that
the slope increascd with the maxihum allowable anode dissipation.

A further reason for using power valves is that the larger the valve
the smaller can be the ratio of oscillatory to direct current in the valve, and

this minimizes the effceet of non-linear characteristics.

A push-pull 807 oscillator was first used in this attempt, operating
at 25 to 50 lic/s. Later a double tetrode type QQVOL/20 was found even more
suiteble at these frequencies with the added advantage that it could be used above

100 ilc/s.
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8¢3 The Push Pull 807 Oscillator

The double triode CV1102 oscillatcr described in Section 8.1 had included
a tuned circuit inductance of 2,15 i operating at approximately 10 ic/s and had
given responses in accordance with theory with wire rezistances above about 10 ohms,
but attempts to reduce this figure gave responses limited by the valve, The value
of 10 ohms is still too high for the type of anemometer contemplated, and the use
of inductances less than 1 (H was indicated, the object being to reduce the
inherent resistance of the inductance to a figure of 10% of the wire resistence or
less.

The circuit in Fig. 60 comprises a pair of 807 valves in push-~pull, and
oscillations were possible with inductances down to 0.185 pyH at freguencies up to
60 ilc/s. The wires used were typically of 2 to 5 ohms cold resistance in 0.0002 inch
Wollaston wire with constant voltage time constants of 0.3 to 0.7 millisecs. The
time~constants were obtained by reducing the positive feedback and driving the
circuit from an external oscillator loosely coupled into the grid circuit.

Resistantes of 50 ohms were needed in both grid and screen-grid
cormections to prevent parasitic oscillation. It was also found that for wire
resistances greater than 2 ohms the ¢ of the tuned circuit was too low to allow
oscillations with an untuned grid circuit and the modification shown in Fig. 61
was made, oscillation being then possible for the range zero up to 5 ohms.

It was soon noticed that the responses were very dependent on both cathode
bias and grid tuning, when used, indicating that grid current was becoming a
limiting factor,

A microammeter was inserted in one grid lead and the cffect of even very
low grid currents is illustrated in Fig. 62, where (1) is the response with the
bias set beyond grid current cut-off and (2) corresponds to the just cut-off
condition. By retuning the demodulator the response may be made to peak (3) with
0,05 mA in the grid, although at an octave below (2), while doubling the grid
current made it impossible to obtain such a peak. The untuned grid circuit,

Fig. 60,was used to get the responses shown in Fig. 62.

When a tuned circuit was used in the grid the rcsponse was little
different so long as the circuit was correctly tuned, but on each side of resonance
widely different results were obtained. The coupling between the circuits also
had considerable effect on the response; too small a coupling produced a peaked
response, too large a coupling an over-damped rcsponse.

Cathode degeneration in the form of fixed rcsistances attached at the
cathode pins was also used and with this addition break-points close to those
predicted by theory were obtained.

For cxample, a2 wire with an operating resistance of 3.0 ohms
(0.0002 in. Py) had a constant-voltage time-constant of 0,318 millisecs, so that,
assuming Ry = R, = 3 ohms, C = 212 yF, The total tuned circuit inductance
as determined from bridge measurements of total shunting capacitance and resonant
frequency was 0,2 ulI (nominal coil inductance 0.185 (1) hence a response
break-point at 15.8 k¢/s is expected. Actual response curves for this wire are
shown in Pig. 63 where it will be seen that the break-point is at about 18 ko/'s
although there is a wide variation between the responses shown which were obtained
with different amounts of cathode degencration and positive feedback. The cathode
degeneration and positive feedback. The cathode degencration resistance could not
be increased sbove 220 ohms or oscillations ceased even with the maximum possible

positive fecdback.
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8¢y Negative Fecdback Applied to the Push-pull 807 Oscillator

With the possibility of attaining wide initial bandwidths with circuit
dampings not very much less than 0.5, the additicnal use of negative feedback
becomes an obvious method by which to extend the response. A means of isclating
the wire from the direct connection to the valve anode is required and these must
now be fed through chokes as shown in Fig. 64. The coupling condensers need only
carry the carrier frecuency and its sidebands and could be much less than the
0.01 P shown but these were used since their physical size was less than smaller
condensers (0,0001 pF) available, and it was desired to keep the lead inductance
as low as possible.

The feedback amplificr used was the 32 dB sride-band unit in Fig. 52 and
the loop connections were identical with those in Fig. 41. It has been shown that
the initial response before the application of negative feedback should preferably
be damped and with this in mind the oscillator was adjusted to provide the break-
point at 12 kc/s and response shovm in Fig. 65 (1). By means of negative feedback
the response (2; was obtained, a mid-frequency of 2kc/s being suppressed 25 dB.
The response (2) shows a peak of 5.5 dB which proved to be quite stable and the
break-point is at 49 kc/s, any further increase in feedback above this causing
oscillation at about 50 kq/s.

A check can be made on the performence of this system since the value
of K corresponding to 25 dB is 16,8, Thus the break-point should have moved
out (1 + K) or ;.22 times to 50.5 ke¢/s which is a very closc agreement with that.
observed. Another check on the expcrimental results can be obtained by means of
the Nichol's Chart? if the phase of the initial response can be found. The
attenuation at the break-point of the initial rospcnse, Fige 65 (1) is 2.5 dB,
thereafter the response becomes asymptotic to a 10 dB/octave line. Thus
20 log 2 L = 25 and [ = 0.667. Assuming & = 0.7 we may now draw the
phase of the initial response and obtain the curve (3) on Fig. 65. The loop transfex
function including the amplifier may now be plotted cn the Nichol's Chart, Fig.66 (1)
and from the constant M contours the closed loop response (}) in Tige 65 found.
The phase margin of G,G, at unity loop gain is scen to be 20° resulting in a
peak of 9 dB in the predicted response since the locus is tangential to the
I = 9 dB contour at 52 kc¢/s. The obscrved response had a peak of 5.5 dB at

36 ke/s, Fig. 65 (2).

Iocus (1) in Pig. 65 truly represents the amplitude response of the

‘radio frequency system together with the demodulator but in assuming that the

phase of this may be deduced from the amplitude using stemdard plots of phase

and amplitude we are neglecting the phase lag of the demodulator. The time-constant
in the demodulator was 2 psecs with a break-point at 100 k¢/s, and at 35 kg/s

is seen to have a vhase leg of about 20° so that the overall loop phase margln

is now zero. The fact that a stable response was in fact obtained can only have
been duc to opposite rotation of phase elsewhere in the circuit or to the fact

that (3) may be an incorrect deduction from (1) in Fige 65.

As explained in Section 2.1.1, the initial response should be overdemped
to avoid instability when negative feedback is applied. As an illustration of
what happens when the initial response is underdamped, curve (2) of Fige 66 shows
the locus for ¢ = 0.25, corresponding to the response shown in Fige 67 (1),
Here the initial response has a 6 dB peak at 10 kc/s. The phase-margin at zero
loop gain is very small, and curve (35 in Fig. 67 indicates roughly the large peak
which would result.

8e5 Huperimental Plot of the Nyquist Diagram

It was realized that the clementary thecory giving rise to the équivalent
circuit did not take into account the tuned demodnlator which was found necessary
in the preceding tests and in an attempt to fihd the actual vector locus of Ai/ig
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a series of measurements was made of the phase and amplitude ratio of the input
signal i  with respect to the response Ai. This enabled the Nyquist disgram to
be plotteg and it was expected that the operation at high frequencies would be
clarified. Referring to Fig. 68 which shows the essential features of the circuit,
it will be seen that the input i, and the response 4i are coupled to the
horizontal and vertical deflecting plates respectively of an oscillograph which
was Titted with identical amplifiers. The phase relationship between the two
quantities was determined from the phase ellipse, Fig. 69, the amplitude being
found from the attenuation required to maintain the ellipse size constant.
Difficulty was experienced at both low and high frequencies due to the low level
of the response and attenuation in the feedback amplifier and it was found that
the phase and amplitude could not be determined with sufficient accuracy below
about 25 ¢/s.

On Fige 70 are plotted the direct and inverse loci of a response which
was adjusted to have a 3 B point at 15 ke¢/s and to be linear to 10 kc/s. No
negative feedback has been employed in this case but it would be predicted that
even & small suppression of say, ks 1, would cause severe peaking at 25 kc/s.
At frequencies below 1 kc/s the phase is leading and at 25 ¢/s ALl leads i, by
90° and the attenuation is due mainly to the feedback amplifier.

Inevitably the quadratic assumed for the ini'lial response becomes a cubic
when the demodulator is included and the inverse locus must be asymptotic to the
negative imaginary axis at large o but if the frequency at which the locus fell
below the axis, isce., the phase margin bccame negative, could be delayed a greater
amount of negative feedback could be employed and the peak caused thereby would be
at a higher frequency. Some experimental work along these lines was done but
with the introduction of the transmission line tuned circuit and a dircect coupled
demodulator this was discontinued as it was thought that uncertainties in these
relationships in the three coupled circuits would prevent anything but qualitative
measurcments. Apart from a lsss of gain in the loop there appears to be no reason
why a phase advancing network should not be effective in delaying the occurrence
of a negative phase margin.

8¢6 The Transmission Line Oscillator

The push-pull 807 oscillator suffered from disadvantages attributable
to its low gain with wires of even moderate resistance, necessitating the use of a
tuned grid circuit. Adjustment of the grid circuit had been found critical and it
was impossible to connect a demodulator directly to the anodes. Further reduction
of the total tuned circuit inductance below aebout 042 pHi was impractical with
lumped elements and since it was thought desirable to reduce this to the minimum
atteinable, both the 807 valve and the lumped inductance were abandoned in favour
of a high frequency power valve, the QQVO0L,/20, and a transmission line tuned
circuit.

4As en example the inductance of a co~axial array with internal diameter
0.5 inch and inner conductor diameter 0.075 inch, Fig. 71 (a) is 0.1151 uH/foot
given by the wmual formula L = 0,1405 log b/a /ft and its self capacitance by
C = 7+35/1log b/a uF/ft is 8.92 LF/fta

In the case of the open wire line, Fig. 71 (b), the spacing nceded to
provide the same inductance per foot length is 0.1339 inch, since in this case

d=r d-r
L = 0,28 log === @i/t and the self capacitance, given by C = 3.67/log —= PE/ft
r r

is 8495 pF/ft. The input impedance of the line when terminated by a resistance
of, say, 2 ohms is I/CR, and hence, in both cases is about 6,450 ohms which is
more than adequate to ensure oscillation with the QQVOL/20 which has a
transconductance of 4 mA/V. Apparently there is nothing to be gained in this
case from the use of & co-axial line and open wire lines have becn extcnsively
used in the experiments described in the following Sections. v
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In order to cbtain a comparison between the 807 and the QQVoL/20 at
low radio frequencies two sets of coils used in the 807 oscillator were substituted
directly into the circuit shown in Fig. 72. I all instances there was sufficient
gain for oscillations to De possible with an untuned grid circuit and the majority
of the work done with this valve was of this nature. Typical responses are shown
in Fige 73 and a response obtained with a similar wire in the 807 oscillator is
shown for comparison. Reduction of the inductance, still lumped, to Oe3 pH
increased the bandwidth by an amount less than that predicted, the table below
sunmmarizing - the results.

Wire diam. §Cold‘res. % Change pt. : I il g Ratio Ii/Lg ; Ratio w's
0.0003 in. ' 3.0 % 5500 o/s 0457 § 1438 E 1.28
0.0003 55 i 7000 © 0430 i ‘ %
e — —
0,0002 © 3,5 . 8000 L 0,57 i 1,38 P 1,13 E
0.0002 . 3.5 % 9000 " 0.30 ' j

Crimnrcs om0 o b o Ao o 8 2ty e e - ——— e e e e . oo i i = o s e ot g oo e B 8 it e |

A transmission line was constructed using 5/16 inch diam. tubing with
centre spacing 1 inch, having a calculated inductance of 030 uH/ft and with a
length of 1 £t gave the response shovm in Fige73 ()« The circuit is shown in
Fig. 74 the transmission line being tuned by mcans cf a small capacitance across
its end and for the preliminary tests was fitted with a tuned grid circuilt heavily
damped with a 2k resistance.

It vas noticed that in this ocillator grid tuning had somewhat less
effect on the response than was the case with the push-pull 807 and in view of the
fact that there was adequate gain without this tuning even with wires of up %o
5 ohms cold resistance it was eliminated for simplicity of operation, Fige 75.

A directly-coupled demodulator wasadded and the wire was isolated from the direct
current in the valve by means of blocking condensers, choke feed being employed

to supply the anodes. This isolation of the direct current was necessary as the
finer wires, smaller than 0.0002 inch diam., have insufficient thermal overload
capacity and when oscillations commence as the bias is reduced on the valves
failure may occur. Wires of 0.0003 inch diameter could be nperated satisfactorily
without this vrecaution but it was found essential for tungsten wires in almost
all diameters. Cathode degeneration is not possible with this valve since the

two cathodes are comnected inside the envelope, to reduce the effects of cathode
lead inductance.

No accuratc measurement of the tuned circuit inductance was possible
with lengths of line less than about 3 inches, and no great improvement in
bandwidth was achieved with these shorter lines, With 2.75 inches the frequency
of oscillation was 110 Mo/s, and 2 bandwidth of 22 ko/s could be obtained with
wires of about 3 ohms cold resistance (0.0002 in Tung.), mounted in a suitable
probe. This appears to be about the practical limit for this oscillator without
reecourse to overall feedbeack,

Prior to the construction of this high frequency oscillator platinum
wires had Deen supported on two stiff tinned copper leads attached to porcelain
insulators. The wire was soldered across the suppert points and a suitable
length etched o»ff the silver coating, This enebled wires of various resistances
to pe made with the minimum effort, an important feature when the risk of a
wire failure due to burn-out is greate A typical wire mount such as described

above/
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gbove was-found to have an inductance of 0.0L pil and with the total tuned circuit
inductance as low as 0,30 uH this addition has to be considered when the predicted
bandwidth is calculated.

The QQVOL/20 oscillator was, however, intended to be a prototype for
turbulence measuring equipment and it was thought desirable at this stage to make
the wire support in the form which it would eventually take and to verify that the
same bandwidth could be attained with this arrangement.

8.7 High Freguency Characteristics of Hot-wire Probes

The technique of productiocn of hot-wire probes suitable for high air
speeds is dealt with in Ref. 6 but a short discussion of their electrical
charscteristics is included here since the transmission line oscillator at 110 lic/s
makes the severest demands on low probe inductance.

Fig. 76 illustrates the manner in which the wire itself issupperted on
two steel needles, in turn held inside a 0,125 inch outside dismeter brass tube by
means of dental porcelain. This method of construction ensures that the supports
are rigidly held and insulated from each other. Since one end of the wire itself
is earthed for convenience, one needle is soldered to the brass case, and the case
serves as the electrical connection to the wire. The probe wnit above was tested
by means of a Q-meter at 60 lic/s, the highest frequency available, and found to
have the follewing characteristics:

L = 0,027 (i
R - 0.0BQ
C = 900 PF.

It will be seen that the inductance is apmreciable when compared with the
total tuned eircuit inductance and little advantage will be gained from reducing
the latter. The unit shown in Fig., 76 is, moreover, only part of thc probe and the
supporting strut must be included to conduct the leads into the centre of the
working section of the tunnel.

A tunnel with a working section 2 inches aquare was to be used in a
preliminary trial with the oscillator developed and the support must be long enough
to allow -traversing at least to the centre line. Two probes were finally used, as
shown in Figse. 77 and 78. The first is suitable for the unit in Tig. 76 which may
be replaced when a wire fails, while the second was designed for use at transonio
speeds where the interference from the support must be rcduced.

A dumy probe was made to the same dimensions as that in Fig. 78 but
fitted with a static tube in place of the needles and it was found that the
extension shovn wes necessary to avoid bow wave interfcrence from the supports

A scries of bandwidth measurements made using the replaceable probe
unit showed that responses with 3 dB points at about 22 ke/s were consistently
obtainable with tungsten wires of 0,00022 in. diame A typical response is shown
in Fige 79. The fcedback coupling for this example was sci at about 20 pF, the
total anode current was 60 mA and the anode voltage 250 V, The best responses
were obtained with the lumped tuning capacitance set for maximum response amplitude,
less than this causing squegging and greater, a damped response, as did a decrease
in the anode voltage or an increase in the feedback coupling.

9/
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9. The Production of Variations in Velocity for Testing Purposes

The need has long bcen recognized for scme means of applying a lknovm
veloc%ty variation to a hot wire in order to ascertain its frequency response. 18,59
Schuh” produced sinusoidal variations in air speed by means of a loudspeaker
diaphragm but the frequency was limited to about 2 kc/s, and extension to higher
frequencies would be difficult.

Various schemes have been considered for producing periodic variations

in an airspeed using rotating discs, but the upper frequency limit was in all cases
00 low,

An alternative method of testing the hot wire is by the use of a velocity
transient. This is anal gous to testing an amplifier with a step~function input
instead of sine waves. A velocity transient can easily be obtained by disturbing
the stream in front of the wire for a short period of time by shooting thrcough it
a smell obstacle. This can be done by means of a needle projecting from the rim
of a large disc rotating at high speed« Scme practical results are given in
subsection 9. 1.

Another way of producing a change in speed in a supersonic stream would
be to have a small wire forming an obstacle which is suddenly disintegrated by
passing a current through it. JAnother pessibility would be to have an obstacle
which is moved very rapidly by electromagnetic means. Transient effects can also
be produced by electric sparks, and some experimental work on this method has been
done, but it was found impossible to eliminate pick-up voltages from the spark
itselfs The possibility of using a shock tube is referred to in subsection %2,

9.1 Transient Testing of the Wire in an Airstream

By disturbing the flew of an airstream past a wire by a small diameter
needle it is possible to produce a pulse whose rise time gives an idea of the
maximum frequency of response of the equipment.

Two needles of diameter 0.65 mm were attached symmetrically to a diso
of diameter 4 inches which was rotated at 4,000 r.p.ms so that the ncedle was in
front of a wire, whose length was Oebl mm, for a period of about 65 usces. The
output of the oscillator was applicd 46 a cathode ray tube with the time-base running
free so that the pulses appeared at random positions on the screen. A brief
exposure was made on a camera and by projecting the film strip on to a graph sheet
the shape of a single pulse could be determined from a calibration sine wave on
the tube. The oscillator actually used was the transitron described in Ref. 2,
which gave a bandwidth of about 12 ko/s without negative fecdbacke Rise times of
about 60 to 70 usecs were observed in practice as shown in Fige 80 (a); this is
a reasonable value for this bandwidth in view of the fact that the air velocity
change is not a step function. The time to fall o zero is scen from IMge 80 (2)
to be about 180 usecs and this could be reduced by the use of negative fecdback,
Pige. 80 (b). The application of negative feedback with this particular type of
oscillator was not reported in Refs 2 but its main effect was to incrcase the
peak without greatly extending the bandwidth as evidenced from the overshoot seen
in Fig. 80 (b).

%¢2 The Hot Wire in a Shock Tube

A more truly square wave may be obtained from a shock tube althcugh
the disturbence amplitude in this case is very large and follewed, in a shori
shock tibe, by a period-of unstéady flow. A simple 2 inch diometer shock tube
exhausting to atmosphercr was constructed and rise times of 50 usecs were cbsecrved
when the response bandwidth of the equipment was about 16 ko/s (QQVOL/20 oscillator
Section 8.6). Since the signal is in this casc so large there is no great

advantage/
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advantage to be gained in the investigation of shock tube behaviour, using hot
wires, from employing constant-resistance heating and a conventional constant-
current system followed by a severe differentiating network would probably be quite
adequate and give a reasonable signal-to-noise ratio.

However, the technique produces waves which have steeper fronts than any
other device considered, and thus proves to be a useful testing facility. It has
not so far been possible to photograph the responses obtained due to the high
writing speeds involved, although observation showed a clear enough trace on the
cathode-ray tube,

Conclusion

The theory of operation of a hot-wire anemometer using two types of
heating has been dealt with in considerable detail, and experimental verification
of the major part of this theory has been obtained. It has been shown that with
8 given wire there is a limit to the attainable signal-to-noise ratio at high
frequencies, and this limit has been gpproached in practice.

A satisfactory method of testing the high frequency response of the wire
to actual variations in air velocity remains to be found. Experimental results on
turbulence in a high speed wind tunnel using the equipment described here will be
reported in a further paper.
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APPENDIX

From Egn. (1) in Ref. (1)

vi = £(Ry, V)
dv af |1 dav v v
thus i R Al e T
as. drR |i ai i3 i
dv ar 1 |dv
—= + R = e g omem | == =R
ai - R i |ai ¢

and from Eqne (10) in Ref. (%)

daf 2R,
() - iQ 1 + o—— - -
dR By
av [ 2r, 282
Hence — | — = 2R1 b —
di| Ry Iy,
dv
and Rw = = = Ry 4 Rb . \
di

BW
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% QQvo4/20
1 e
)
2k0
50k 0 - 300 pF
10 pF ]
+
PUSh'PU" dernodulal:or 10kQ 300 pF
‘2 shown o —
Fic.75.
Rw
00\ uF 0-01 . F
5/!6” diam T([-b
1“centres e
AW 10pF 10uH §IO H
pF Q10 M
BuH é » 37pF €
-
EASO
5kQ
0pF 2kQ  12kQ
Push-pull demodulator
Y2 shown.




Fics.76 - 78.

Fic. 76.

Scale: 4 x full size

0-125” brass tube. Dental porcelain

I \NNNNNNN B 7774777 V7777777777 7777 A J=— Hot - wire
oner” e T N el | m_.;:_’ﬂ.-_A_:..—_—-l
Steel needles P.V.C. aligning bush
Fic. 77.

l6g. lead to wire

-
b nd
i i Copper leading edge
Il :
I 3
i
|
I
Perspex—" : II |
Il == Removable unit
N yd
ezl [ To=
<o d>T -

0 Scale ins |

==t

Fis. 78.

}opper leads § x7 cast in.

/Moulded “Araldite” body

S - ———
Steel needles forming
wire support
e — I — - N—

Anemometer probes.




FiGs. 79 & 80,

Fig. 79.
5
d8
0 \
Transmission \ir”\e tuned circuit X
-5 [~ Line length 2% ,
Rw = 30}, 0-00022 Tungsten
[o = 65 mA
Vo= 230V \
-10
-15
10° 104
Freq. c¢/s
Fic. 80.

t, = 65 u sec
E, = 200 u sec

t, = 70 u sec
t, = 70 u sec
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