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Further investigation of the operation of the hot-nire anemometer has 
shown that there are only two systems which xce 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 shcwn how these techniques may be used in the measurement of 
turbulence at high air speeds. 
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Introduction 

In a previous paper' an analysis has been given of the operation of 
hot-wire anemometer using radio-frequency heating and direct current heating, 
and e,uperimental evidence in support of this theory has also been givenL. The 

a 

present paper deals with furiAertheoreticcal =and practical aspects of anemometer 
operation. In Section 1 it is shown that there sre only two stable feedback systems 
which will improve the frequency response, ono suitable for radio frequency 
applications ‘and the other for direct current heating. The latter is analysed in 
detail in Section 1.3. In Section 2 overall feedback systems are analysed. TWO 
methods of improving the radio frequency oscillator system are described in 
Section 3. In Section 4 a description is given of some elementary checks made on 
the zero-frequency operation of the self-oscillatory radio-frequency system to 
verify the equivalent circuit dcvcioped in Ref. I. 

Experimental results sre presented in the remainder of the paper. Some 
of these results were obtained with platinum wires of resistance 10 to 25 O~UE, 
such as were used in the experiments previously described in Ref. 2. These wires 
are, however, only suitable for use at low airspeeds and for use at transonic and 
supersonic speeds tungsten wires of resistance 2 to 5 ohms have been used. The 
development of a welding technique for these wires has been rcported6. With these 
low resistance \-ties it is more difficult to create a praotical embodiment Of the 
theory, but by the use of high radio frequencies considerable progress has been 
made. 

1.1 Static StabiliQ 

In Ref. 1 it was shown that, to aFIx-each ideal operation, a hot-wire 
should be connected in a circuit which gives a straight-line relation between 
voltage and current. This is shown in Fig. 1, which is reproduced here fsrr 
convenience from Pig. 7 of hf. 1. 

It was shove how such a relation could be obtained by positive feedback 
from voltage to current. We now consider&c 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 l=rire voltage v and current i arc given by: 

v+pi = V. 

Similarly, if a T&IX is conncctcd to a current source I, which has an 
internal admittCance y, 

i+yv = I. 

In general, let us take the relation: 

ai+@v = v 

where a and ,3 are positive. We nox add terms hi and w to indicate 
feedsback from the xire current Cmd voltage to the source, as follows: 

ai + @ = 3Li + l.N + .v. 0.. (I) 

This gives a strtight line wExh titcTse&s the hot+ti_rw characteristic at the 
operating point (see Fig. I). The slope of +hLs line, R,, is given by 

h-a 
R, = --- . . . . 62) 

P-I-1 
If/ 
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If the slope of the hot-wire characteristic at any point is RJT, small 
increments of wire current Ai. and voltage Av are connected by the relation: 

Au = Rrr l Ai. 

The increment of the righi-hand side of Eqn, (I), which results from a 
current increment Ai, is the incremental feedback, snd, if this is less than the 
increment of the left-hand side, the operating point vi.11 be statically stable. 
This gives, as a necessary condition for stability, 

. lbC., h- aJ < ( P  -  I .@, l bea (3) 

V?e now consider two cases, first p - u > 0, and second, 6 - u c 0. When 
P - p > 0 we have from (3) 

h -a 
--- < 3, i.e., R, < SW from (2). 
13 - P 

In this case, therefore, the slope of the straight line must be less than the 
slope of the hot-wire characteristic for stability. %en p - ~1 < 0 we have 
from (2) 

h -a 
-- > R, i.e., 
P-cl 

% > Rt-s 

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 shown in Fig. 2, The region of 
stabili@ 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 > Rv and R, 2 v/i are 
incompatible, because Rt3 is considerably larger than "v/i, We therefore confine 
our attention now to the case p - JJ > 0. 

Since in practice w require R, to be positive, it follows from (2) 
that if /3 - ~1 > 0, h - a > 0. 

Two special cases of interest now arise, first a = 0, second 
p = 0. The first tiplies pure voltage feedback, the seaond pure current feedback, 
When 6 is zero, h must be positive, so we must feed b8clc positively from 
current to voltage. There is no need for any voltage feedback, sinc,e p can be 
zero. If any positive voltage feedback is used, it must not exceed a certain 
value, but there is no limit to its magni.-t;uae if negative. 

On the other hand if p is zero, p must be negative, that is we must 
feed back negatively from voltage to current. In this last case we must dls0 
have h-u>O, so 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. -. --- 

I /p; hi /J I . a 
\ -; 

General Case : -t i f i >a :; .@ 
a--_ -.-.---...-.--..1- 

Voltage Feedback i 0 / + i + i@ - 

Current Pe&back i -t i 0 i >a ; - 
-. -- '-.-__- I i --"* 

d we/ 



We emphasise again the fundamental diff'e?wnces between the ti?cw~: 
in the first case the current-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 tifo cases, that of 
voltage feedback, lends itself to radio-frequency systems, whereas it is evident 
that if direct currents Larc to be used the second case, that of current feedback, 
would be more practical o:ving to the low imped,ulce of the wire. 

An embodiment of the second cast is shown in Fig. 3 (Refs. 3, l+). Here 
H is the hot-r:Ji.re P, Q, S are fixed resistances, 
direct-coupled amp&w of gain m. 

and the block rcprcsents a 
If the rcsist<anccs P, Q are so large tha* 

the current through them is negligible compared with the hot-wire current, we have 
pure current feedback. The input to the amplifier is (Psi - Qv)/(P + Q) so that, 
if the slope of the pentodc is s, 

Psi - Qv 
j. z sm------ii, l ** (4) 

P+Q 

where i, is the current in I&G pentcde when there is no input to the ~nplifier. 
This may be written: 

v = i&i+v 0 **a (5) 

P P+Q P+Q 
where H = - . S - -II- 

C 
‘and v. = i, - - - - I  l 

Q smQ 
sm Q 

. . . (6) 

This is shown in Fig. 4. 

It was shown in Ref. 1 that the response of a hot-wire to velocity 
variations can be found from an cquivalcnt circuit which is reproduced here as 
Fig. 5. In this circuit, i, is a current generator which simulates the velocity 
variations, and Ai, Av & changes in tlw hot-wire current and voltage. q is 
the hotwire resistance, ,and $, is PYV - l?! (see Appendix). C is a capacity 
such that CRb is the time-constant in constant-current operation. 

'dhen v and 5. are related by l3qn. (5) the equivalent circuit reduces 
to that shown in Fig. 6. 

The overall time-constant is now given by 

Ri - Kc 
T = CRB CI-.---.----- # 

Rb + R, - Rc 

It is evident from Fig. 4 that 

so that 

V VO VO 
Ri - R, = - - ::..- = c- 

% i i 1 9. 

%% 

T = --c.wc---- 

Rbii -i v. 

l ** (7) 

. . . (8) 

. . . (9) 



Vhen vo << Rbi, we have approximately 

6- _ 

CV 

The smaller it is possible to make vo, the smaller is T, but difficulties 
arise with dynamic instability, which is considered in the following Section. 

1.2 Dynamic StabiliQ 

In the preceding Section, we have assumed that increments of tire current 
and voltage are related by Av = qV . Ai, where Rw is the slope of the v/i 
characteristic. This is only true if thermal equilibrium is maintained. For rapid 
changes, we should take Av = Ri . Ai, where Ri = v/i. 

This consideration modifies the criterion for stability when ,3 > I! 
since Ri < rty, and it becomes 

The criterion when p < fi is not affected. 

These two regions for stability are shoT+vn in Fig. 7. It is impossible 
This result can also be obtained to operate stably in the range q < R, < I&. 

from the expression 7 for the time-constant, which is negative, indicating 
instability, when RL < Rc < Rb + R%. It is shovm in the Appendix that 
Rb + Ri = $1 so that this result is the same as the above. 

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

1.3 Effect of Amplifier Characteristios 

Referring to Eqn. (6), IThen WC consider that the amplifier gain m is 
a function of frequencjr, we will lrrrite 

V = Zci + v. 

9 P+Q 
where 

Zc = -  s -  - - - - -  l 

Q smQ 

We will take P = Q, and let 2/s = r, so that Z, = S - r/m and vo 
is given by 

v. = ior/m . l e* (II) 

Suppose that at zero frequency m = m. and Z, = R,, SO that 

. . . (12) 

From the equivalent circuit nhnwrl in Fig. 6, replacing -Rc by Zc, we find that 



-7- 

We now find (Ri - Zc) in terms of m: 

= from (8) and (12) 

ri 0 mo = Mm mm + CI L 

i I 

I. . 
m 

0 
il m 

Substituting in (13), 

where A = R,,mdr and Tc = CRb 

where Gd = 
A dmo (I + pT,)-1 . c-w-------- 

(1 - dm,) 

and y ='I-i&,. 

The relation'between Ai and ia is thus the same as would be found in 
a feedback system with open-loop transfer function eqruJL to Gd. The first factor . 
blG 

9 
represents a simple integrating time-constant, and the second a regenerative 

ampli ier of gain Ilm/m and feedback factor y/A. This equivalent circuit is 
shown in Pig. 8. Vhen ?he dependence of m on frequency is neglected so that 

the overall response has a simple time constant approximately equal to 
it is reduced by a factor equal to the gain of the regenerative 

Fe :vill consider first the special case given by y = 0, i.e., 
i = 2. 
i&plies 

Since i is the current when the bridge is balanced, this condition 
?hat no cha$e in wire current would occur if the feedback loop in l?ig. 3 

were broken. 

At this point we indicate briefly how the response function 
Gd 

Go = c--w-- by means of attenuation and phase plots. 
1 + Gd 

is obtained from Gd, 

The modulus, in decibels, and phase of Gd are plotted against the logarithm of 
the frequency, and an approximate idea of the overall G 
taking (GoI = I when lGdl > 1, and lG.cl = f 

esponse is obtained by 

response G, 
iGd when ]GJ .c 1. The 

can be found accurately from the Nichol s Char@. 

If we disregard the frequency characteristic of the amplifier, (1) in 
l?ig. 9 is the straight‘line plot of \Gdl, which is greater than unity when 
UT, < A. The above aRprox:ite reasoning therefore gives an overall response Of 
urn-& for wT < A and a response equal to 

(G$ is shown as (2) 
IGdl for wT, > A. This approximate 

plot for in E.g. 9. This gives practically, the same result 
as the acauratc analysis. 

. . 
The l verall'response v&l1 be x&y little altered with a &actical 

amplifier if the latter has a reasonably uniform response, without excessive phase 
shift, up to UT,. = A. 

I 
Returning now to the-general case when y is not zero, the above 

analysis wi.11 apply to the regenerative am@fier which has a gain ilm/m, and 

positive/ 



positive feedback factor y/A. The zctud 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 shown 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 2 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 loo?. 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 ou-@ut which is to be found from the 
equivalent circuit, Fig. II, and this is the output from G,. The block G, 
represents the demodulator circuit and subse.quent amplification. Blocks Ga and 
Ii represent circuits whose purpose is to improve the frequency response. -1 

Evidently - = l ** (14) 

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 Trhich it is arranged that the 
resistance is substantially constant at zero frequenoy. 

2.1 Constant-voltage Systems. flegative Feedback 

When the wire is supFlied 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 K via the tuned circuit LC. 
Variations 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 Vs. The equivalent circuit is shown - 
in Fig. 13, where ia represents the velocity input, Aira& Aid the 
resulting uhanges in radio-frequency and direct current respectively, and the 
chain connecting Laid with Air is included in the symbol k*. It simplifies 
the algebra to modify the equivalent circuit as shovin in Fig. 14, where: 

i&-b k'Rb 
Rg = 

%.Rb --w---m ii = --w-m-- ,k= W.-----L . 

%L+%' : %+Rb % + Rb 

Comparing this with the general system shown in Fig. IO, we have: 

Ai 
'Gl = -5 = (I + pCRg)-' = (I + pTv)-'. 

41 
&a 

Where TV is the constant-voltage time constant. Evidently 
GGH = k and we will take 11 = 1, reg<arding the feedback current Aid as 
&e3fd respcmse. III practice, the input voltage to Va would be the response 
of the system. We shollld remark that, with this algebraic simplif%ation, Gs 

nova/ 
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now contains certain constants, so that our previous statement that 6 is * 
inserted to improve the frcquenay response has ta this extent to be modified. 

2.1 .I LPrequcncy-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. Erom (14) 

-I = (1 + pP)-1, 

where T' = Tv( I c lip. 

The overall response is thus given by a si.m@e time-constant which is less than the 
constant-voltage time-constant by a factor (1 + k). The response, when plotted aS 
a function of log 0, will have a break-point at w 2 k/T . 
easily be demonstrated by means of attenuation fzzequency $05~. 

This result can 
Suppose the loop 

gain G&G,G,,H, is Gz and H = 1 so that Go = (1 + l/@)-i from (14). 

Where I 1 Gz > I, G, e I, and where IG 1 < ?, 1 I Fig. 15, (1) is the straight line plot of 
obtained by this approximate reasoning. 

IG 1, 
IG 1 s 1G 1 a In 

The 4 
a&l (2) is thg plot bf lGFl 

oop'gain below the breakpoint LS 
20 log,, k dB, and above the breakpoint at wTv = I falls at a rate of 20 dB 
per decade, so that it reaches OdB at wTv = k&. This gives practically the 
same result as the accurate analysis. 

We will now relate k to the voltage amplification m used in the ' 
system, so as to find ?fhat gain is required for a specified increase in bandwidth. 
The output from the tuned circuit is a voltage XA' 

3 
where X is the reactance 

of the tuned-circuit capacity. If nA' is the demo ulator efficiency, and S iS 
the transconductance of- Vs,- .li 

v 
k = Xvdms-d' 

Yr 

Thus for a bandvtidth improvement of N 
given by 

NVr (% + Rb) 
m * -M---ellcII 

fidsrd Rb 

- I - - -  l 

i$ + Rj) 

times, we require a voltage gain 

. 

T&ical values me x = 50 ohms, S = 5 mEI/V, vd = 0.8, I& = Rb, and 
va = vr, giving m = ION. For example, a hundred-fold improvement u 
bmdwidth would require a voltage gain of 1,000 times. 

2.1.2 Ampltfier Characteristics 

It is well known5 that a feedback system is usually unstable if the 
phase margin is negative when the loop gain exceeds or is equti;to unity. In 
practice it is desirable' that the phase margin should exceed 30 when the gain is 
unity. In the system described above, the loop gain is unity when IGSC,l-- wTv. 

Assu&g/ 



--IO - 

Assuming that the amplifier gain characteristic is substantially uniform 
up to this frequency, and equal to k, we have w = k/T, for a loop gain of 
unity, and this is the bremint of the overall response6 
attenuation-frequency plot of Fig. 15 is thus unaltered. 

The approximate 

At the upper breakpoint, arg G (iw) C PO", so that for a phase margin 
of 30' here me need arg G,G, > - 60'. T&s will probably be the case if the 
gain characteristic is ieveiup to this frequency. 

We conclude that it will be satisfactory if the voltage amplifier has a 
characteristic w-hich 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 feedback at 101-r 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 OCCUTO 
We cannot use three equal time-constants in the amplifier because the loop gain 
would then be limited to 8 times, whereas we reouirc something like 100 times for 
a hundred-fold band-width improvement. 
tvro equal time-constants, 

Although-instability would not occur with 
the phase margin at unity loop gain would be so small 

as to cause an objectionable peak in overall response. 

A solution to the difficulty is found by inserting a single time-constant 
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 (J = w , the breakpoint of tl-1 1's single time-constant must OccuT at 
0 = kwb, approxima ely. E The effect on the overall response is negligible at 
frequencies above the 1aTer breaklpoint w = wl, since it is only beloW this 
that the loop gain falls below unity. 

2.1.3 Differentiated Peedback 

Suppose that it were possible to insert in the amplifier a perfect 
differentiator so that in Pig. IO Gs = pT,. Ve take G, = I, and II = I. 

Then Gc = m-w--- from (14) 

? -1 
1 

= + c-----m..c- 6 
p(Tv + 

The overall response has a breakpoint at a frequency given by 
w[T, + T,] = 1, and is level above this. Before the loop is closed the 
breakpoint is given by UT, = I SO that closing the loop lowers the breakpoint. 

Fig. I6 shows the attentuation-frequency plots for this system. 
Curve (1) shows the !G,j characteristic, and (2) and (3) are possible lines for 

[:f j,d, 
The products /GLGsl are given by curves (4) ald (5), which correspond to 

(3) respectively. In the first case, closing the loop produces curve (6) 
which has a lower breakpoint thzn (Z), while in the second case closing the loop 
makes no difference in this approximate analysis since the loop gain is 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 

PT3 
G, = c----LI k, curves (2) and (3) are d~-mm with the same value of k but 

1 + P'&, 
in/ 
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in the first case T,k > Tv, and in the second case T,k < T,. It will be seen 
that the upper breakpoint is at wTv = k if the loop-gain exceeds unity, 
independently of the value of T,, but the lower breakpoint depends on Ta. 'C%en 
the loop gain does not exceed unity, the.lower breakpoint is at wTv = 1, while 
the upper is at a frequency determined by To. In this latter case there is of 
course a loss of signal level, and the feedback is virtually inoperative. &l 
accurate analysis shows that in the case when kT13 = TV and 3; is large, the 
upper breakpoint i.cs 3 at twice the frequency given by this approximate method, :;rhile 
the loser breakpoint is at one half the a?proximatc frequency. 

2.4.4 l?hase-compensated li'eedback 

If we include in the feedback loop a phase-compensation network we may 
' + PT~ 

take G3 = kc --------, where k is the gain Cthout the network. The 
1 + FETE 

attenuation-frequency plot is shown in Fig. 18 where kr > I. It can be shown that 
the point 9 is at WT = k independently of the values of T4 and E, so 
that the breakpoint of The overall response is a~~raximately given by oTv = k* 
In the particular case where ICC = I and T4 = T,, this breakpoint acutally 
OCCULS at a frequency given by UT, = 2k. 

2.2 Constant-resistance System 

The transfer function for the self-oscillatory radio-frequency system 
whose equivalent circuit is shown in Fig. II is as follows: 

mm = . . . (15) 

. 
and this Vre 

Logarithmic plots of the modulus an d phase of G,(jo) for different values of the 
damping coefficient 1: are given in books on nctiirorks and servomechanisms5r The 
damping depends very much on 3 - R, as has been 

certain conditions it may become zero. The factor 

expression for G,(p) diff ers little from unity. 

current generator, as was done with the factor %I --I---w in the constant-current 

system, but it ~.ill for simplicity be omitted. 
5 + %I 

In Fig. 19 is shown the polar plot of fG,(j(d ] "I3 which is a parabola, 
the arrow giving the di,reotion of increasing frequency. It will be noticed that 
the intercept on the imagin~y a&s is 2& and that this point corresponds to 
the breakpoint on the logarithmic plots. 

2.2.1 Frequency-independent Feedback 

VC consider first a system in which the loop gain at zero frequency is 

k, and II = A. For convenience the factor v$vr is incorporated in the 
value of Ga. 

To begin with, we shall disregard the effect of the demodulator, 
taking G, = 1. 

Then/ 
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Then the overall trsnsf'er function from (14) is given by 

kridently the frequency of the breakpoint has been increased by the factor (I + k)* 
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 cle,arly seen on the inverse polar plot, 
(Fig. ZO), where a constant k is to be added to (I), iGn(jw)]-l givjng the 
parabola (2) which on division by k 
OB '/Oil' 

gives the new response locus (3). The ratio 
is less than OB/'OA indicating a decrease in the damping. 

Figs. 21, 22 show the attenuation and phase of G,; above the brealqoint 
w falls at a rate of 40 dE$decado so that We loop gain reaches zero 
decibels at an angular frequency 6. (dq At this point the phase margin is 
small, its value depending on 1: and k; as an example, when c = I and 
k = 100, it is 12'. The overall response therefore has a peak at this point; 
with the figures quoted it would have a magnitude of 12dl3. 
can be found in any given case ifrom a Nichol's char #. This EerZg?$drEpZiZn 
in Section 8.4. 

2.2.2 The Xffect of the Demodulator 

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

I 
Taking G, = ----- Y we have, from (14), 

1 -1 
+I’ . 

1 
The inverse polar plot of GLC9 is shown in Pig. 23, . . and when the constant k is 
added to this it is evident that k must not exceed the intercept OC, otherwise 
the system will be unstable. The angular frequency at point C is 

I 
and the intercept oc is 2 c/waTd + ---- 

\- ("qTd 

As an example, we take w 
2c= 1. This gives w at C = 94 

.; 50,000 rad/sec, Td = 1 /.I seo and 
and OC = 21. Thus a value of 

k = 21 will cause oscillation at a frZ&encv equal to 4.6 times thd at the 
original breakpoint. The effect of the demod;lator time-constant can be clearly 
seen when the attenuation and phase of GLC+, are plotted as shown in Fig. 24, 
which is drawn for 2c = I, tiq = 50,000 rad/sec and Td = 1 /J sec. 

Suppose the value of 'GIG21 v;hen the phase m.~gi.n becomes zero, 
i.e., phase - IBOO, is l/k, in d& Then k must not exceed k,, ctherwise 
the system will be unstable. .With the above values for wq, Td, and 2; k, iS 
found to be 21 times, aqd the an@Lar frepcncy at whrich the phase margin is 
zero is 4.Gwq, as alrce found. 

2.2.y 



2.2.3 Compensated Peedback 

In order to avoid the resonant peak produced by direct feedback, three 
courses have been considered. First, the original transfer function G, may be 
so much overdamped that a sufficient amount of direct fe&.back can be employed to 
increase the bandwidth without producing a peak. This is done by using, instead 
of a radio-frequency oscillator, a circuit driven from an external source. Then 
% - % is no longer zero , and by varying the degree of radio-frequency feedback 
we vary R, - R, and hence the d3mping r;. 

It has been found diPficult to implement this idea, and in any case the 
dependence for a good response on the rather critical adjustment of a radio-frequency 
feedback would be an undesirable feature. In Practioe 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 ~XI bandwidth can be achieved t&n would be expected from the simple 
theory outlined above. 

Just as in the constant-current feedback system, it is necessary to 
carrqe the low fren-uency characteristic2 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 1ooP. 

When the demodulator time-constant is neglected, the effect of having 
R, - Rc not equal to zero is to increase the p term. This could be done instead 
by enrploying differentiated feedback in addition to direct feedback. The effect 
vlill not be quite the same owing to the fact that differentiation is imperfect, 
and also owing to modification of the transfer function by the demodulator. 

A third approach is to compensate for the time-constant of the demodulator; 
' + PTd 

this implies the introduction of a transfer function E-Y--- in the loop. 
1 -I- -p E 'id 

The result of this is ta substitute 8 new time-c&stmt E yd for Td 
but an additional gain factor I/E is required, It will still be necessary to 
have some differentiated feedback, and the two ideas can be combined by the 

1 f PTf 
provision of a transfer function E ------- where Tf is somevfnat larger than 

Td* 
1 + PTF 

This is the same sort of transfer function as xi11 arise in any case when 
some differentiated feedback is added to direct feedback, because the practical 

PT’ 
transfer f'unction for differentiated feedback is of the form L-"-b-..* ThLls 

1 +pT' 
the idea of additional feedback and the idea of compensating for the demodulator 
are complementary and come to much the same thing. 

bandwidth 
Jti , a . 
marginqat 

Suppose that a mid-frequency loop gain of N times ismcd, SO that a 
improvement fl is aimed at, the breakpoint rising from w to 
UC: have at oux disposal. Tf a& require to introduce an ad % quate phase 
the Point of zero gain. 

Fig. 25 illustrates the effect of choosing E = O.lO- and _ 
Tf = r+3.5 p sea,. This locates the upper breakpoint of the phase adVanCer at 

the frequency at which the original system oscillated. It ahculd be noted that 
an increased gain is now necessary stirce at low frequencies an attenuation of 
20 dl3 is introduced by the phase compensatory The ori.@Kl response, Pig. 25 (I) 
has a break point at w = 50,000, 2c = I, Td = 1 u sec. 

The original phase response is cad the amplitude and Phase response 
of the comperma2;ing netwoAc arc shovm in The loop ,mPlitude and 

phase/ 



phase response may now be obtained, (5) and (6),and by-choosing that the phase margin 
at unity loop gain shall be 20' we may determine from (5) that the overall low 
frequency loop gain must not exceed 13.75 d3. 

From the Nichol's Chart the 
seen to have a peak of 8.5 dB 

clos;d51;op$esponse 
at (J = ?. 

(7) is found and it is 
9 an improvement of 7 times. 

The compensator has introduced an attenuation of 20 dB hence the gain 
of' the feedback am@ifier must be 33.75 dJ3. If the loop gain teas restricted to 
26.4 d13 as in the previous exw@, Fig. 24, the bsn&idth improvement would be 
only 3.8 times but there would be an adequate phase margin of 50' and instability 
could not occur. 

2.2.4 Differentiated E'eedbacic -- 

If in the example just given, a smaller value of E is chosen, the 10~ 
frequency loop gain is less than unity, and if E is made vanishingly small, 

p & Tf 
keeping &Tf constant, the transfer function being then ---------- , the loop 

l+p ETf 
gain and overall gain fall off at low frequencies. !;'e then have what may be called 
differentiated feedback, Fig. 26. For the same reasons as set out in the previous 
Section the brea.@oint of the differentiating network should be at about the same 
frequency as the desired response breakpoint. The overall response will be level 
approximately from lb/N . GI 

9 
to & . w the loser cut-off may be an advantage 

in practice because the signa from a hotq;:ire below a certain frequency reprCSeIltS 
fluctuations in mean speed rather than turbulence. 

2.3 Doubly-differentiated Feedback 

If in the gLmera1 equation (14) vie put 

Gz = 1 -I- --- + ---, G, 
(3q us” 

= G3 = 1 

P 
and make Ii perform a perfect double differentiation, II = - -- 

> -1 

we have G, = (I+‘;) 

(J y” 

. 

Tfle overall response here is that of a simple time-constant so 
that when c is small this would represent a considerable improvement. 

2i/wq, 
When we 

PQ 2 
consider imperfect double differentiation, however, ii = k(--- \ we find 

that 

3 . . 

instability cannot be avoided with realisable gains. 
\I i- pTg/ 

Improvements in the Radio Frequonc.y J ST stem 

3.1 Feedback from the Wire VoltLwe 

In Section 3.1 of Ref. I the following relation for the radio frequency 
, circuit was found 

d&i 
Av = R,& - z --- . . . (16) 

dt 

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

which/ 



- 15 - 

which may be conveniently used in practice (about 0.5 ~11). No~r suppose that a 
voltage k.Av were fed back negatively, 
factor 1 + k. 

Then Av = (? + k)Ro Ai - 2L 

2L dAi 
Or Av = 11, Ai - B-W---- 

(1 -I- 1&t 

and the positive feedback increased by a 

dAi 
-- - kbiiv 
dt 

. ..*.., (17) 

Evidently the effective inductance has been reduced by a factor ? + k. 

A possible embodiment of this idea is silo-;m in Fig. 27 in which the wire 
voltage is mplified in A and mixed with the positive feedback from the wire 
current at the grid of V,. 

Since the current in the oscillator valve is proportional to the wire 
voltage it *<{as thought that to begin with a resistance in the cathcde circuit 
~ould~provide negative focdback dlich :irould be effective from the wire voltage, 
but this was later found to be fallacious. In the meant&me cathode degeneration 
was tried and found to have a beneficial effect in most circuits, this being 
presumably due to a reduction in non-line= effects, which have been negleotcd in 
our analysis. 

It can be shown, however, that a deorease in cffectivr inductance is 
obtained if a suitable tuned oircuit is connec4~4 in the cathode circuit. 

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

In Ref. P the equation (46) was established by energy considerations 
and this method would be more difficult to apply in I more complioated circuit. 
We therefore need to establish a more general method. 

Consider the voltage and current relationship in a circuit consisting 
of a capacity C, inductcancc L and resistance R in series, Let the voltage 
v = Vexp(jwot)(l + c, cos n-t) be split into carrier and sidebands as follows: 

VClExJl vu 
v = Vexp( jwot) f --- [j(f.d, + Cl)t] + -- [exp j(wo - .Q)t 1. 2 

2 

The impedance of the circuit is given 5,n general by: 

1 
Z = jkJL ; -- -I- R . 

jwC 

If L and C resonate at the carrier angular frequency wo, vre have 
z = H at w = 

1 
u . In general let w = w. + 0, whel;e L‘i cc wo, so that, 
Ol R Q 

approximately, - = - -I -. Then 2 = jw,L + jQL + -- - -- =t R = 2jQL + R. 
w wO 6 jw,C jwoaC 

Thus the c~arrir~r component of the current will be V/R exp(jwOt), the 
upper sideband; 

vd 



Va 2nL 
LI- -- . axp WC + ij)t - tan--l --- 

R 

and the lower sideband; 

Va Q-IL 
- - - - - - -  l 

2 [Rz + (,L)']"' 
eq j( (,I0 -  n) t  f  taiY1 - - -  l 

R 
J 

Conibining these, we have; 

V VC% rnL ' 
i = - exp( jcdot) + --- ---e- 

R [ii" -I- (24-1L)~]"~ 
exp(jw,tj CQS 'fit i \ 

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 tax 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, Yne 
equivalent circuit for which is a capacity 2C in parallel with R. Na7 consider 
the circuit shown in Fig. 28, in which an impedance Zk is connected in the 
cathode circuit of the oscillator. 

We have Av = (joL + ii;) Di. - i-i , 

and . 1, = s (jwldJi - i,Zk) 

I \ SM Ai 
so that AV = j& + --- 

J 
Ai - -- . m----e- , 

, jwC C 1 c SZk 

When Zk is a resistance R k, we have for the modulation ,angular frequency R, 

SIVI ni 
Av = 2jnLAi -  - -  .  - - -  l l .bo* (18) 

C 'r .I- sRk 

The effect of R 
factor (I + sRk). The fa lacious !i 

is thus merely to reduce the cf'fective slope by the 
reasoning which first led US to believe that 

Rk would reduce the effective inductance was basad on the first of the above 
-i, 

equations, which at the carrier frequency reduces to 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. 

Then zk is a tuned circuit ConsiSkhg of Rk, Ck, Lk in parallel 
for m&ulation frequencies we take 

1 I 
-" = 2jnck +, - 

Z!, . lik 

which gives 



Then 

The effective tuned circuit inductmce 
bandwidth improvement would be expected. 

is thus reduced and a corresponding 

Abridge circuit could also be used to 
current signals for feedback as shown in Fig. 

obtain the required voltqe and 
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 Q of' the tuned circuit would be law 
and high gain necessary to maintain oscillation. Stray capacity in the bridge 
circuit would also constitute a serious difficulty. 

3.2 sedance Transfomatioq 

The theory 02 the behaviour of the wire in a self-oscillatory circuit 
demands that the resistance of the wire be much greater than that in the remaining 
tuned circuit elements, L and C. Vhile this condition is relativeb easy to 
satisfy with wi.res,of high resistance, say IO 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. 

i 
It is manifest that we can use such low resistanue tires if the tuned 

circuit inductance is reduced since for a given Q the resistance of the induotance 
L will decrease with a decrease in L. Howuver there is a practical limit to L 
and it may be more oonvenient to employ some impedance transforming device such as 
is now described. 

Consider the network shown in Fig. 30(a) in which X, and -& are 
pure reactances. The input impedance q of this circuit is g/R. If this 
network is preceded by a similar one as shown in Fig. 30(b), the input impedance 
is (%/X,)aR, so that if Y% is greater than & we have an impedance 
multiplications 

A 
P 
ractical embodiment is to have inductances and capacitances as shown 

in Pig. 3O(c . Vhen the resistance of the inductances, say r, and ra, are 
included in the analysis, it is found that the input impedance is 

b.5 (R + ra ) + r2 . 
4% 

If an impedance multiplication faotor of, say, 5 times is used, the resistan: 
ra is evidently of less'importance than ri, and the usefulness of the device 
will depend on making rr considerably less than the wire resistance 2. If 
the inductances and capacitances are transposed, a similar conclusion v reached, 
the most important resistance being that of the inductance in the sectaon nearest 
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 v@th Constant Resistance 
Heating . . 

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

Then the inRut impedance is Zi, where, 

I ZjwL 
Zi = --- + ----, w = radio angular frequency 

ibc 1 Z + jwL 

z(' -w21X~) + jwL 
= ---- -- . 

-u"Lc, + joC,Z 

This is real if: 

OL WClZ Z 

2’(1- -- 
= -_uI_ = - 

w2 q ) - 2 Lci -(AIL 

- 02 g 
l.C*9 I -(3x = CI-. 

Z 

This gives a resonance at .w = w. where ti%$.& - $ > = 1. 

In general let w = ho + g where ho >> R the modulation frequency, 
and as an approximation in the expression for Zi above, we may put: 

, 

WO 
2 a L 

l- w21& = I -v-w - 
2%Qrry l 

Z 

Then Z, is found to be Zi = 2 (I - 2ji2GZ) 
zc, 

. be,, 
L 

Zi = - -- + 2jnL = - R, -t 2jnL 
ZQ 

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

1 I 
bJ2 q = -G = -&7-r-, T, = const. curr* time con* 

C 

Thus if we choose C, = 1070 F 
/" 

and Z as = 500 ohms, as set, saJr, 
by a given oscillator, then wq = 10 T, and for t say 0.5 millisocs this 
is 20 kc/s. 

Thus it is seen that there is a limit to the response set by the 
ef3uiUator for any given wire time-constant. 

4./ 



4. &E&erimental Verification of the Approach to Constant Resistance Operation 

resistance 
It has been shozn that in a system employing positive feedback the wire 

should remain ccnstsnt when the air velocity is changed, and it has 
also been shovrn that -&en two types of hentiw <are employed, changes in air 
velocity may be simulated by controlled changes in one of them. This may be used 

: to oheck the operation of the circuit. 
shown in Pig. 32 Tlhere I&J 

The circuit of a simple oscillator is 
represents the hot wire fed from the 

and from the 6L6 triode-connector. 
6~5 oscillator 

The radio-frequency voltage across the wire 
was measured by means of a valve-voltmeter and the radio-frequency current deduced 
from the voltage across the tuned circuit. 
Fig. 33(l) -7h 

These IXO parameters are plotted in 
1, ere the changes in radio frequency current were obtained by varying 

the cathode bias on the 6L6, 
the desired constant-resistance 

and show that the wire resistance is approaching 

intercept on the ordinate. 
conditions, the discrepancy being evident from the 

Response measurements made on this circuit showed 
that, under the conditions pertaining in Fig. 33(l), the direct current in the 
mire was causing excessive damping. 

According to the theory presented in Section 3 the introduction of an 
unby-passed resistance 8~ into the cathode lead should reduce the slope of the 
hot wire characteristic by (1 + slik). 

Here, again, a plot of radio frequency wire voltage against current 
should allow this theory to be checked. The circuit shown in Pig. 36 was used 
for this purpose as it was found more convenient to operate at low radio frequencies. 
The itirect heating current was again altered to move the operating point up along 
the vY, - i,,.. line 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 C S& = 1.55, so that the hot wire 
resistance should now be 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. 

i From i?ig. 33, in which the +XO lines are shown, it \r?ill be seen that 'cathode 
degeneration has reduced the intercept vo, the characteristic now approaching 
more closely to constant resistance operation than without degeneration. 

Xhen the wire is operated as in Fig. 32 the equivalent circuit for 
turbulence measurements is as shown in Fig. 34. 

iiere we may assume that the resistance to direct and radio frequency 
currents is the same and hence the ratio VdL/Vri is the same as 
follows from Fig. 34 that we should have: 

idi/& l 1% 

%i 
Ai, = - --- . Aid 

kc, 
. . . . . (20) 

where ii& + i"a, is a constant, and that if in Fig. 32 the direct current in the 
wire is variod and plotted against the radio-frequency current the points shauSd 
lie on a circle. 

This rehtionship is illustrated in Fig. 35 where ex~)erimental points 
are seen tc lie very closely 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 mcdulation of the radio-frequency current by means of a 
demodulator of known efficiency. In the following table of results, idi% 
and ir, are the mean direct md radio-frequency currents respectively, Ai, 

. is/ 
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.is the Teak-to-peak radio frequency current res?onsc as calculated, while ~j$ is 
the response as deduced.from the demodulator output. It will be seen that the 
relationship is a~praxinatcly Gcrrect. . . 

(20) 

r------ 
------_-- I..--.----- ---_- ___,_ -_ --.--_ -__ _._ _,__(___ A_- 

id i r Aid Ai., i L?i;i: 

m?l &lA,rms i mA,100c/s ; m/i,rms ; mA,rms 
. -- II_-_ 

5.00 j 13.25 i 1.00 0.38 I ; 0,313 1 5.00 ; 13.25 : 0.60 : 0.217 ; 0.197 _/ 

10.00 10.00 ; i IO& 10.65 : i 0.60 I.00 
i 

1 ; 0,939 0.555 : 0.838 0.465 

I 12.50 7.50 1.00 i ; ; 1.67 
12.50 ; 7.50 0.60 

'i I.170 
; ; 1.00 . 0.838 

h --.-. -_----___ ----L----------L-.- -__-- .--...-.----.-----I 

5. Frequency Response of !J&$cal Oscillator at Irrw Radio Frequencies 

having established within reasonable limits the validity of the equivalent 
circuits which aro sholm in Figs. II and I3 for both pure radio-frcquenqy 
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 obtained for break-point frequency w and damping c found from 
Eqn. (15) are realizod in practice. In order to permit the constant voltage time 
constant CR&/(Rb + 3 ) of the wire to be found, and smooth control of positive 
feedback also achieved, the circuit shov,n in Fig. 36 wzs used, being driven from an 
external oscillator, and provided with variable positive feedback through Vz and Vs. 

The tuned circuit I& - L - C is driven from a pentode which provides a 
substantially constant current I, in the valve B. The tuned circuit current is 
thus Q . I, = UL . Iair, Hence the wire voltage is WL . I,, which is thus 
constant, and the time-constant observed under these conditions is 
T = ORbR /(Rb + Pi), as above. Assuming Rb = &, the time-constant under 
cE&tant-vol?tage conditions is hal" I that under constant-current conditions, and 
C and Rb in the equivalent circuit may be calculated. 

The tuned circuit is tapped at a suitable point to give the requisite 
phase change for positive feedback through the cathode follower V,. When no gain 
is a:)plied by means of positive feedback through V, <and V, the wire' is hented 
under constant-voltage conditions by VZ. In practice the audio-frequency test 
signal is injected through a high series resistance (1,000 ohms is convenient), 
and the response is measured by means 0% 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 effect has been analysed in Section 3. In general it 
yr-jll be seen that the results follw the predicted more closely when this resisb.nce 
is in use. 

W,th the regeneration in Pig. 36 advanced so that oscillations corrrmence, 
and with the external oscillator removed, the results shown in Fig. 37 ;wre 
obtained. The inductance in the tuned circuit was 97$X and the frequency of 
oscillation about 700 kc/s. Little difference, apart lfrom a slightly lower peak 
in the response, was observed when an inductive feedback system was substituted 
for the cathode follower shown. The constant-voltage response of the wire used 
is also ShOWn, and from it the values of C and ii, in the equivalent circuit 
may be calculated if the resistance at the operati$ point is known; this may be 
found from a single current and voltage measurement on the wire. With 

L= 97l.H, c = 23 fl, and Rb = 20R respectively the break-poht should 

occur/ 
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occur at 2,400 c/s whereas in practice it is seen to occur at about 2,300 C/S. 
An increase in Rk caused the response to become mere peaked, and the frequency 
at which the maximum response occurs ap)roaches the break-point. The values of 
Rk used are shorn in Pig. 37. 

5.1 Effect Of (?$ - Rc) on BeSpOnse 

In an attempt to determine the exact values of (ii, - Rc) in Xqn. (l5), 
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. &om Eqn. (l5)it is evident that, if (i& - Zc) is not in practice 
vanishingly small, then it she-did be considered when calculation of the break-point 
is made. From the aparent CJ of the circuit, the 3 dI3 bandwidth and the 
inductance, (RX - R,) may be found, With the hot wire in the tuned circuit a 
value of 6.5 ohms was obtained with the circuit on the verge of oscillation and 
17.1 ohm when only moderate feedback was applied. The value of 6.5 ohms with the 
circuit a3out to oscillate seemed to be extremely high as something of the order 
of 0.05 ohms W 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 I l?J, indicating a tuned circuit resistance of 0.02 ohms. 

A linear resistance and then a hot mire were next inserted and the gain 
with maximum feedback for no oscillations measured over a range of inputs from 
0.25 to loo mV, the results bein? shown in Fig. 38. Apparently high gain, and 
hence low values of (iL - i?J , are not obtainable with the large inputs necessary 
to provide adequate heating of the wire. The reasons for this behaviour are not 
fully understood at present, and the phenomenon is an obvious limitation to any 
system which attempts to reduce the time-constant of a hot wire by such means* 

5.2 Effect of Tuned Circuit Induc&nce on Response Bandwidth 

The fundsmental equation expressing tnc response of an oscillatory system, 
Eqn. (15), shows that the Bandwidth is inversely propcrtional to the square root of 
the tuned circuit inductance, and to check this a series of response measurements 
was made with the circuit shoym in Pig. 36, the external oscillator not being 
required. Inductances of 97, 11 and 6.65 $1 were used e& in each cast the cathode 
degeneration resistance was adjusted to give the optimum peaked response. A wire 
of 20 ohms cold resistance v:as used which had a constant-voltage time-constant of 
lo43 millisecs, and with the inductance of 6.65 ~11 the observed break-Taint vas 
seen to be at about 5,700 c/s, while a value of 5,200 c/s was indicated theoretically, 
With the mnductance 12 $1 the observed and calculated bandwidths were 4,000 and ' 
J.&j0 c/s respectively. The results 3_re shovm in Fig. 39 and the result with 
L= 97 ,J11 has been replotted from Yig. 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 
umerta?inty in evahating Rb and C is considered the agreement between theory 
and practice is seen to be reasonable, 

To summarize the preceding experiments, the equivalent circuit current 
generators for both direct current and radio rfrequency heating have been verified, 
and an approximate check on the values of the circuit elements C, Rb, l?% - R,, 
2L 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. 30 attempt has been made to take into account non-linearities in 
circuit coqonents, although a method of reducing the effect of one of these, the 
valve transconductsncc, has been demonstrated. 

Yi?urther/ 
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Further reduction in the tuned-circuit inductance is of course quite 
possible, and in a later section it will be s!lo~m that oscillators operating at 
very high frequencies (up to 410 MC/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 A-pplied to Constant Resistance Systems 

Before presenting experimental results we show how the operation of the 
system may be more readily understood by reference to the Nyquist diagram. Such 
a diagram is shown in Fig. 40 and the values assumed for the coefficients are as 
follovJs: L = 50 ,II, C = 50 yP, R 
time lag in the feedback loop lvhich P 

= 6On, I$ -R 
inc udes the demodula%or 

= 3OQ. Tne total 
and feedback amplifier 

has been taken as 10 ~1s and the factor R as 66. (is - Rc) has been t&en as 
unusually large to clarify the diagram, but the action of negative feedback is 
unaffected, 

In Fig. .!+O ILC, is the initial response transfer function Ai/ia, here 
plotted as the inverse (qG,;-l for convenience. The negatim feedback loop 
transfer function is Ka& where I(z is IC in Section 2.2.1 and is frequency- 
independent while G, is the frequency-dependent factor (1 + pT)". 

By addition of K, to (I(;G,)'% the inverse function is transformed 
into (I$GL)-:L + I$, and this is illustrated in Fig. 40, when time lags are 
neglected, it will be seen that the locus is shifted Ka to the right, thereby 
increasing the range over which the response is linear. T/hen the loop time lag is 
taken into account, the locus I&G, lags in phase and is reduced in amplitude, SO 
that the sum (I&G,)'1 + l&G3 is asymptotic to (K G )-i. The direct locus1 
which is $G, (1 + ~%c,G,)-' cm be quiokly rep 1% o ted from the inverse locus 
on polar co-ordinate paper and this is also illustrated in ~Pig. 40. 

6.1 Experimental Results., Negative Feedback A-pplied to Constant Resistance 
Systems 

To test the elementary theory of overall negative feedback the circuit 
'shown in Big. 41 was used. It comprises a straightforward inductive feedback 
oscillator V, working at approximately 1.5 MC/S, a demodulator V,, and a 
feedback amplifier V,V,V4 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 tire is operated at earth potential for convenience. Xth mixed 
heating the response is at the same frequency as the injected tesf sigti 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 resistance (0,OOOl in. Pt. Wall, wire) 
the res 

P 
onses shown in Fig. 42 were obtained, the negative feedback being increased 

from (I to (3). It will be seen that the initial response before the ap@ication 
of negative feedback is highly damped, due to ths presence of 8 mA direct current 
in the wire. It can be shown that R5 - Rc, and therefore the damping 2j 
increases as the direct current is increased. This is readily seen from Fig. 43 
in which the square nave response is seen to deteriorate as the direct current 
level in the wire is increased. 

In crder to obtain sufficient gain from the 6L6 a level of about . _ 
8 mA Was required, as it was found that the transoonductance was a linear f'unotion 
of the anode current up to about 7.5 m-b at which it had reached its final 
level of 3.5 mA/v. Similar characteristics were found for the -&pe I%133 which 
Dick not reach fur gain of 6 m# untill -t;he anode Bz5-mmmtwa.s 125mL 
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In Fig. 42 the inductive coupling in the oscillator has been maintained 
constant throughout and the calculated. break-point occurs at 1.95 kc/s, whereas 
the actual response appears to have a break-point slightly lewer than this. The 
figures -6 and -12 dB refer to the amount by which the low-frequency response 
has been suppressed, all curves being drawn with the same low-frequency response 
for convenience. The suppression of ' 
avalue of (I +X) 

12 dB achieved in curve (3) indicates that 
= 4 has been reached, and that a bandwidth improvement of 

x 2 Comes is to be expected. The actua:L improvement appears to be slightly better 
than this, although the attenuation after&e break-point is at a rate greater than 
the 12 B/octave predicted by the simple thecry. 

A further check on the theory of this type of feedback was obtained from 
measurements of the amplifier gain required in the feedback loop to produce a 
given suppression of the low-frequenci response, It was noted in Section 2.1.2 
that the value of K is M s x,qd vd/v,. With the oscillator shown in Fig. 41 
1.f nas in one example calculated to be 35.3 times to attain a suppression of 
4 times in the response while a gain of 30 times was actually found necessary. 

6.2 Experimental Hesults. Differential Feedback for Stabilization 

The darrrping term c 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 she!-m in Pig. 41 aith the addition 
of an R-C differentiating stage and amplifier as shown in Figs. & and 45. The 
negative feedback loop is tapped at a suitable point and the signal differentiated, 
ar@ified anii mixed with the negative feedback signal at the grid of V,. mica1 
responses are sho:im in Pig. 46 where (1) is the original response Xith the ma;uimum 
permissible negative feedback for stability. The addition of differentiated 
feedback has the effect shown in (2) and it will be seen that the peak has been 
reduced in amplitude and a slight reduction in bandwidth has also occurred. From 
response (2) the aegative feedback may now be increased and a widening of the 
bandjiidth results. The reduction in the peak with differentiated feedback is 

; seen to be 2.5 d3, the 3 dB bandwidth being reduced from 8 kc/s to 7.3 kc/s. 
Further negative feedback enables the 3 dB bandwidth to be increased to 11.5 kc/s. 
The optimum differentiated feedback is most readily found when a square wave 
testing signal is used and the resptinaes in Pig. 47 show some results obtained. 
Respcnses a and c show the effect of increasing negative feedback while b and 
d have increasinG emounts of stabilizing feedback in addition. The square Wave 
is 1,000 c/s and the radio frequency 1.2 NC/S, with JJ = 50 ,& 

7. Overall Feedback Applied to Constant Current and Constant Voltage Systems 

The methods described in the previous Sections, 6 - 6.1, for applying 
overall feedback are general in so far as the operation of the wire can be 
constant-cment, -voltage, cr -resistance. It has been shown that there are 
advantages to be gained .iYom operation of the v&e at constant resistance in a 
radio frequency oscillator and applying negative feedback through a direct-current 
loop. 

It is now proposed to describe a system in which the aire is heated by 
a radio-frequency current under constant-voltage conditions and overall negative 
feedback is applied, again through a direct-current loop, to reduce resistance 
variations. 

The circuit arrangement shown in Pig. ~~8 is a convenient embodiment of 
this principle; V,, which is driven from an external oscillator, supplies power 
to the wire 12 under constant-voltage conditions. This enables sufficient 
heating current to be obtained from a 1017~power valve; if a large valve were med 
the wire could be operated under constant-current conditions by omitting II and C. 

Variations/ 



Variations in air velocity 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 Va. The equivalent c5xcui.t is 
shown in Pig. &Y(a), where i, represents the velocity input, Air and Aid aIF 
the resulting chwes in radio-frequency and direct current respectively, and the 
tuned circuit, demodulator, amplifier chain connecting Aid with Air is 
included in I&. 

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

Rg = 
%Rb ia nb 

I----j 2l = ---- 
Ri + Rb Ri + Rb' 

IL Rb 
K = -- 

RL + Rb 
.*. (21) 

CR 
g = TV, the constant voltage time constant. 

The overall response now becomes: 

R 
(i& - KAir) 72;;; = Air . Rg . . . (-22) 

Air . I 
Thus, --I = -I---u +e. (23) 

ig (I + K) + pCR@; 

and the time-constant is reduced by (1 + K)", the response being stil.l. that Of 
a siqle time-constant as shown in Fig. 50. 

The factor K is given by: 

where 

K= 

x = 

vd Rb 
X.qd.m,s.--.------- 

vrRi+R, 

reactance of the tuned 

qd = demodulator efficiency 

m= gain of am@.fier 

S = 

vd = 

vr = 

~ansconductance of V, 

initial direct voltage across wire 

initial radio frequency across wire. 

.*a (2Lp) 

circuit condenser 

Thus if we are to attain a bandwidth improvement of, say, 100 times, 
with X = 50 Ohms, qd = 8O$, S = 5 mfi/V, Vd = Vr and Rb = &, m 
must be 1,000. Se far it has been assumed that the amplifier has a perfect 
characteristic. Inevitably the feedback loop rm\st have a finite phase lag, and 
VJhen the loop is closed the phase margin must be greater th,an 30" for stability 
when the loop gain is unity. This occurs when UT, --L K(jti) in Fig. 50 and 
here the phase angle of the wire is nearly -90'. Thus for a phase margin of 
3o” at this frequency the phase angle of K must be less than 60'. Since the 
latter frequency is below 50 kc/s this condition can be met if the amplifier 
has a level response up to wTv = IL 
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If the amplifier has resistance-capacitance cou&i.ng a phase lead will 
occur at low frequencies, and with more than two such couplings positive feedback, 
and subsequent oscillation, rna~ 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-Taint much beyond all the others the loop gain 
may be reduced below unity before the phase 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 
astern 

To test the simple theory given in Section 7 the circuit shown in Fig.51 
was employed. VI is an amplifier wl:ich enables V, to provide sufficient 
heating current in the wire. The anode voltage of V:, is demodulated, amplified 
in A and fed back in 'cne correct phase by V, which provides the direct current 
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 snd a 
bandwidth from 25 C/S to 4 tic/s, and was developed for general use in such 
feedback loops. 

A @pica1 response is shown in Pig. 53, where (I) is the constant-voltage 
response of the wire, exhibiting a break-point at 900 C/S. Drawing the tangent to 
(2) at the 6 dB attenuation point the second break-point is seen to be at about 
6 kc/s. Prom the suppression obtained, 111. dB, we may calculate (1 + Ii) which 
is thus 5, and the new break point should occur at 4.5 kc/s. The position of 
the constant-voltage break-point is somewhat uncertain, due to the fact that the 
attenuation is at 5 instead of 6 dB/octave. It is also difficult to measure & 
and Rb 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 l&w-frequency instability with high loop gains remarked upon in the 
previous 6ection may be avoided if the -$xre negative feedback is replaced by 
differentiated feedback KpT,(l + pT,)-' and the overall response is taken from 
the output of the differentiating circuit. A block diagram is shown in Fig. 54 
and we may write doWn the overall response directly from this as: 

. 

12 
IC 

Y = w-w--- -m----  

. 
ia 

= --es.--------- 
1 h 

I< + pT, + --- + - + I 
PT~, T2 

l . . (26) 

where I< has the same identity as in the previous Section. 

If now we put I(; = 100, SW, and T, = 'i;/lOO the denominator of 
Eqn. (~9b~O0~~ (200 + p'i; + lOO/pT,) which may be factorized as: 

1 
+ -- 

> 2,OlpT, ' 
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1 
and the response exhibits two break-points at u,!$ = ---- and uaTA = 201, 

say l/2 and 200, 
2.01 

respectively, as shown in Pig. 55. 

There is a low-frequency cut-off at CJ~ = --- vMch limits the useful 
2% 

bandwidth of the circuit, but it appears that if IC is made sufficiently large a 
considerable improvement in the high frequency respcnse is obtained without danger 
of instability. By considering the integratiq? time-constant in the feedback 
amplifier, normally very much less than T/2X), it can be shown that a third 
break-point occurs, causing attenuation at 12 dE/octave but that this is above 
the second at w, = 200/!3,, and is thus of minor significance. 

7.2.1 Xxperimental liesults. Constant Voltage System with Diff'erentiated 
Feedback 

The theory was tested using the circuit shown in block diagram form in 
Fig. 56, the various stages being identical with those shown in Fig. 51, with the 
addition of a capacita&e&esistanc'e 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 variable. 

The -response (2) in Fig. 57 is the ou@ut at the differentiating netrrork 
with no gain in the feedback loop, while (3) relates to maximum attainable gain and 
a differentiating time-constant of 50 ~seos. The constant-voltage response is 
shown in ('lj. In general. it xi11 be seen th:.t the expected type of result is 
obtained, alenough the attenuation above the second break point is much steeper 
than predicted even by a more coqlete theory I-&i.ch includes the loo? integrating 
effects. Bowever, the 3 d.3 bandwidth has been extended to I7 kc/s and the 10~ 
frequency break-point is at 180 c/s9 Attempts to reduce the differentiat- time 
cmstmt still further were only partially successful, due to the noise level in 
the amplifier. 

8. The Use of High F'requencv and Ven High Frequency Oscillators 

Eiost of the experimental work described in the preceding Sections has been 
concerned with the use of Wollaston wire anemometers having cold resistances 
typically between I5 and 30 ohms and nominal diameters of 0.0001 and 0.0002 inches. 
It was realized that validity of the equivalent circuit demanded a wire resistance 
at least several times that of the tuned circuit resistance, &ich is raainly 
present in the inductance, and hence l-tires of this order of resisttice generally 
gave results consisten t nith theory when coils with a Q greater than 150 and 
inductances less than 100&3were used. The bandwidths are more than adequate for 
turbulence measurements at tne air speeds at which these wires can be used (UP to 
200 ft/sec) and'apart from the checking of the theory there is little to be 
gained in increasing the bandwidth beyond, say, 15 kc/s, since this corresponds t0 
a spatial resolution of 0.08 inches at 200 ft/sec and this is of the same order as 
the length of the ;-tire. Corrections can be applied to measurements made under 
these conditions but it is- more convenient to reduce the length of the wire. 

When the possibility of applying*'this method of anemometer operation to 
flow tiwestigations at high air speeds was examined it became apparent that the 
wire material currently used, platinum, would prove to have too low an ultimate 
tcmsile strength to v;ithstand the higher aerodynamic stresses imposed upon it. 
It has been shown in Ref. 6 that for high speed mcasurcments it,is necessary t0 
use tungsten wires whose resj.s-tauca js in I;he range 2 - 5 ohms. . 

Thus/ 
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Thus attention became focussed on oscillators which would enable wires 
of this low resistance to be used and the tuned circuit inductance was progressively 
reduced frm about A00 $1 to 0.5 ,$ and the frequency of oscillation increased 
from about 1 Xc/s to over 100 He/s. 

8.1 The Push-pull Oscillator 

Sir&e-sided oscillators aze not ideclly suited to operation at the 
higher radio frequencies because of the difficulty of manipulating the small 
inductances, and a push-pull system has much to recoxmnend itself. 

The circuit shown in Pig. 58 was developed for the initial measurements 
at higher radio frequencies, a double triode tjTe CVllO2 bejzg 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 feedback 
via the 6~6 and the amplifier A WCS the 4 2mplifier of a Cossor 1035 
oscillograph. Responses mere first obtained -i;rith platinum wires of quite high 
resistance, 20 ohms being typical; later tungsten wires of 4 to IO ohms were used. 
1-t: was found that nith t3i.s oscillator and an inductance of 2.15 $1 the responses 
obtained -;rere 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 dove the rated vaPde the resporses,are again limited by 
the valve. 

4n i.nductivelj+couplcd demodulator l;Jas us&i throughoot, and the measured 
frequency of oscillation with L = 5 $I was 9.85 Xc/s. The responses shown in 
Pig. 59 were those typicalPJ obtained using wires of cold resistance 20 ohms in 
0.0001 inch platinum and 9 ohms in 0.00015 inch tungsten. Responses (1) and (2) 
refer to tine platinum wire, (3) and ($) to the tuxsten wire. The oscillator 
operating conditions are shol-m on Fig. 59 ,and it G.llbe seen that the use of 
cathode degeneration has a considerable effect on the bandwidth, the damping being 
reduced so that a peak aippeai-s in the response (2). I!.' the direct anode current 
was not restored after the insertion of I-& the responses were typically peaked at 
a lower frequency than the original break-iloint and as the wire resistance was 
restored to its former operating level by increasing the anode current, the response 
peak moved upwards as shown in (2). 

The effect of overall negative feedback, which suppressed the low- 
frequency response 11 dl3, is shovm in (&), the 3 dB bandwidth being 25 kc/s. 
Tfiere is an unexplained attenuation of 1.5 CD at 6 kc/s extending to 18 kc/s 
before falling the further 1.5 d3, Further feedback caused the sudden onset of 
oscillations, and few responses were obtained showing a peak. 

8.2 Power Valves for Use in Very High Frequency Oscillators 

The desire to decrease still further the t*aled-circuit inductance and 
obviate the effects oi' non-linear valve operation led to the adoption of power 
valves for use in the oscillator circuit. For a given wire the tuned circuit Q 
decrewes as the inductance is dwreased 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 becomes less than unity. A survey of all suitable 
valves, including receiving types such as the CVl102 already used, indicated that 
the slope increased nith the maxi!num allowable alode dissipation. 

A further reason for using power vail-es is that the larger the valve 
the smaller can bc the ratio of oscillatory to direct current in tne valve,'and 
this minimizes the effect of non-line- characteristics. 

L A push-pull 807 oscillator was first used in this attempt, operating 
at 25 to 50 l:ic/s. Later a double tetrode type QQVOu20 was found even more 
suitable at those frequencies with the added advantage that it could be used above 
100 xc/s. 

8*3/ 
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8.3 The Push Pull 807 Cscillator 

The double triode CM102 oscillatcr described in Section 8.1 had included 
a tuned circuit inductance of 2.15 $I operating at approximately 10 Xc/s and had 
given responses in accordance with theory with viire resistances 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 fcr the type of anemometer contemplated, and the use 
of inductances less than 1 Ijr was indicated, the object being to reduce the 
inherent resistance of the inductance to a figure of 105 of the wire resistance 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 fii at frequencies up to 
60 iLc/s. The wires used were typically of 2 to 5 ohms cold resistance in 0.0002 inch 
Wallaston wire with constant voltage toime 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. 

: 
Resistanbes of 50 ohms were needed -in both grid and screen-grid 

connections to prevent parasitic oscillation. It was also found that for wire 
resistances greater than 2 ohms the Q of the tuned circuit was too low to allow 
oscillations with an untuned grid circuit and the modification shown in Fig. 61 
was made, oscillationbeing 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 nas becoming a 
limiting factor, 

A microatnmeter was inserted in one grid lead and the effect of even very 
low grid currents is illustrated in Fig. 62, where (4) is the response Ttith 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 d in the grid, although at an octave below (21, yrhile 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 response was little 
different so long as the circuit was correctly tuned, but on each side of resonance 
widely different results were obtained. The co~lpling betvreen the circuits also 
had considerable effect on the response; too small a coupling produced a peaked 
response, too large a coupling an over-damped response. 

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

For example, a wire v&th an operating resistance of 3.0 ohms 
(0.0002 in. Pt) had a constant-voltage time-constant of 0.318 milliseos, so that, 
assuming IE, = i?b = 3 ohm, c = 212 @. me total tuned circuit inductance 
as determined from bridge measurements of total shunting capacitance and resonant 
frequency ??ras 0.24 $1 (nominal coil inductance 0.185 @I1) hence a response 
break-point at 15.8 kc/s is expected. Actual response curves for this wire are 
shown in Fig. 63 where it will be seen that the break-point is at about 18 kc/s 

' although there is a wide variation between the responses shown which were obtained 
with different amounts of cathode degeneration and positive feedback. The cathode. 
degeneration and positive feedback. The cathode degeneration resistance could not 
be increased above 220 ohms or oscillations ceased even with the maximum possible 
positive feedback. 
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8.4 Negative Feedback Applied to the Push-pull 007 Oscillator 

Xith the possibility of attaining aide initial bandwidths vtith circuit 
dampings not very much less than 0.5, the additicnal use of negative feedback 
becomes an obvious method by w!T!;ich to extend the response. A means of isolating 
the wire from the direct connection to the valve anode is required and these must 
now be fed thro~ffh chokes as shown in Pig. 64. The coupling condensers need only 
carry the carrier frequency and its sidebands and could be much less than the 
0.01 fl shown but these were used since their physical size was less than smaller 
condensers(0.0001 v??) available, and it was desired to keep the lead inductance 
as low as possible. 

The feedback am?lificr used was the 32 dj3 ;-ride-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 Teas 
point at 12 kc/s and response shove in Fig. 

adjusted to provide the break- 

the response (2 
65 (1). 33~ means of negative feedback 

The resl>onse (2 i 
was obtained, a mid-frequenc?y of 2kc/s being suppressed 25 dEL 
sho=~s a Teak of 5.5 dJ3 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 kc/s. 

A check cm be made on the l)erformance of this system since the value 
of K corresponding to 25 d,a is 16.8. Thus the break-point should have moved 
out (1 + K) or 4.22 t.imes to 50.5, kc/s which is a very close agreement with that. 
observed. Another check on the experimental results can be obtained by means of’ 

the Xichol's Chart5 if the phase of the initial response can be found. The 
attenuation at the break-point of the initial response, Pig. 65 (1) is 2.5 a, 
tnereafter the response becomes asmtotic to a IO dB/octave line. Thus 
20 log 2 L; = 2.5 and 5 = 0.667. Assuming c = 0.7 we may now draw the 
phase of the initial response and obtain tne curve (3) on l?ig. 65. The loop transfer 
function including the amplifier may now be plotted cn the Xichol's Chart, Pig.66 (1) 
and from the constant M contours the closed loop response (4) in Fig. 65 found. 
The phase margin of CiG, at unity loop gain is seen to be 20' resulting in a 
peak of 9 d.B in the predicted response since the locus is tangential to the 
irl = 9 dii3 contour at 52 kc/~. The observed response had a peak Of 5.5 dB at 
36 kc/s, Fig. 65 (2). 

91 
. 

Locus (I) in Pig. 65 truly represents the amplitude response of the 
'radio frequency system together ;:rith the demodulator but in assuming that the 
phase of this may be deduced from the am<glitude using standard plots of’ phase 
and amplitude we are neglecting the $ase 1,ag of the demodulator. The time-constant 
in the demodulator was 2 usecs with a break-point at A00 kc/s, and at 35 kc/s 
is seen to have a phase lag of about 20' so that the overall loop phase margin ' 
is now zero. The fact that a stable response xs in fact obtained can only have 
been due to o22osite rotation of phase elsewhere in the circuit or to the fact 
that (3) may be an incorrect deduction from (1) in Fig. 65. 

As explained in Section 2.1.1, the initial response should be overdamped 
to avoid instability when negative feedback is applied. As an illustration Of 

what happens when the initial resuonse is under&ameed, curve (2) of Fig. 66 shows 
the lo&~ for 6 = 0.25, L corresponding to the r&p&se sho%%n in Fig. 
IIere the initial response has a 6 dl3 ->eak at 10 kc/s. The phase-margin 
loop gain is very small, and curve (3 ) in Fig. 67 indicates roughly the 
which would result. 

67 (% 
at zero 
large peak 

8.5 Xxperimental Plot of thaw-quist Diagram 

It was realized that the elementq theory giving rise to the 
circuit did n.c;t take into account the tuned demodulator which eras found ^_. - ._ - * w 

equivalent 
necessary 

in the preceding test s and in an attempt to f;'iixi the actual vector LOCUS of U-/i, 

a/ 
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a series of measurements eras made of the phase and amplitude ratio of the input 
signal i with respect to the response Ai. 
be plottea W' 

This enabled the Nyquist diagram to 
,ti i$ lnas 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 ia and the response Ai are coupled to the 
horizontal and vertical deflecting -plates respectively of an oscillograph which 
was fitted with identical amplifiers. The phase relationshipbetwcen the two 
quantities was determined from the phase ellipse, Fig. 69, the amplitude being 
found from the attenuation required to maintain the ellijpse size constant. 
Difficulty was experienced at both lo:~ and high frequencies due to the LOT? 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 C/S. 

On Fig. 70 are plotted the direct and inverse loci of a response which 
was adjusted to have a 3 dl3 point at 15 kc/s and to be linear to j0 kc/s. No 
negative feedback has been employed in this case but it would be predicted that 
even a small suppression of say, k > 1, would cause severe peaking at 25 kc/s. 
At frequencies below 1 kc/s tne phase is leading and at 25 c/s Ai leads ia by 
90" and the attenuation is due mainly to the feedback amplifier. 

Inevitably the quadratic a ssumed for the ini";ial response becomes a cubic 
Tihen the demodulator is included and the inverse locus must be asymptotic to the 
negative imaginary axis at large w but if tne frequency at which the locus fell 
below the axis, Lee, the phase margin became 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 tne transmission line tuned cirouit and a direct coupled 
demodulator this was discontinued as it vias thought that uncertainties in these 
relationships in the three coupled circuits would prevent anything but qualitative 
measurements. Apert Cram a 1~~s of gain in the-loop there appears to be no reason 
why a phase advancing netilork should not be effective in delaying the ocourrenoe 
of a negative phase margin. 

8.6 The Trammission 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. tither reduction 
of the total tuned circuit inductance bcloyr about 0.2 Ji was mractical with 
lumped elements and since it was thought desirable to reduce this to the minimum 
attainable, both the 807 valve and the lumped inductance were abandoned in favour 
of a high frequency pot-rer valve, the QQVO4/20, and a transmission line tuned 
circuit. 

AS an example the inductance oi? a co-axial array ttith internal diameter 
0.5 inch and inner conductor diameter 0.075 inch, Fig. 71 (a) is 0.1151 pE/foot 
given by the usual formula L = 0.1405 log b/a dI/ft and its self capacitance by 
c = 7.35/lag b/a pF/ft is 8.92 @'/ft. 

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

d-r d-r 
L = 0.28 log --- @/f-t; and the se3f' capacitance, given by C = 3.67/lag - pF/ft 

r r 
is 8.95 pF/ft, The input impedance of the line when terminated by a resistice 
of, say, 2 ohms is &/CX, and hence, in both cases is about 6,450 ohms which is 
more than adequate to ensure oscillation niti the QQVO4/20 which has a 
transconductance of J.+ mA/V. kpparently there is nothing to be gained in this 
case from the use of a co-axial line and open v&x lines have been extcnsiveb 
used in the experiments described in the following Sections. 

In/ 
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In order to obtain a comparison between the 807 and the QQVO4/20 at 
low radio frequencies two sets of coils &ed in the 807 oscillator were substituted 
di.rectQ into the circuit shown in Pig. 72. 1~ all instances there was sufficient 
gain for oscillations to be possible with an untuned grid circuit and the majority 
of the work done with this valve was of this nature. !t!y-pical responses are shown 
in Fig. 73 and a response obtained with a similar wire in the 807 oscillator is 
shown for comparison. Reduction of the inductance, still lumped, to 0.3 pli 
increased the bandtiidth by an amount less IAnan that predicted, the table below 
suinmarizing-the results. 

""-m"""-.-.'i-" -I - ~-~?"".-,-.----.---~,"~ 
: ----I 

Vire diam. i Cold res. i Change pt. I, fli i Ratio I&:, i Ratio w's 1 
- - - -__--  :- ________-_-__ :-----:.-.-- --.----1- -+---.-.“----..---A 

I i 

i 
0.0003 in. : 3.0 ; 5500 c/s ; 0.57 ; 1.38 .i -l.28 i 

I 
/ 0.0003 i 3.5 ; 7000 i 0.30 ; 

I 
t-- 

i 0.0002 / 3.5 
i 

; 8000 : 0.57 i I.38 i I.43 / 

I 0.0002 i 3.5 
I 

\ 9000 : 0.30 i / 
-Y.L31-- m.__m me.-____ _ ____ I .-__. ...w..--,.- "_ ~"--_" ..-__.".- I_r _"..-- - ..___" ..-_. - -.-- * ..-.- -v-e.-.. --.^---...--_ - I..^- -11-1, 

A transmission line was constructed using 5/l6 inch diam. tubing with 
centre spacing ? inch, having a calculated inductaxce of 0.30 ,Ii/ft and with a 
length of 1 ft gave the response shoxn in Fig.73 (4). The circuit is shown in 
Fig. 74 the transmission line i:>eing twed by means cf a small capacitance across 
its end and for the preliminary tests was fitted with a tuned grid circuit heavily 

. damped mith a 2kR resistance. 

It WLS noticed that in this ocillator grid tuning had somewhat less 
effect on the response than was the case nith the push-pull 807 and in vie17 of the 
fact that there was adequate gain without t? As tuning even with wires of up to 
5 ohms cold resistance it was eliminated for simplicity of operation, Fig. 75. 
A directly-coupled demodulator ~~saided and the vtire was isolated from the direct 
current in the valve by means of bloci;ing condensers, choke feed being employed 
to supply the anodes. This isolation of the direct current was necessary as the 
f i.llei- wires, mailer than 0.0002 inch diaz., have insufficient thermal overload 
caR!acity and when oscillations commence as the bias is reduced on the valves 
failure may occur. ?/ires of 0.0003 inch diameter could be operated satisfactorily 
without this precaution but it was folmd essential for tungsten mires in almost 
all diameters. Cathode degeneration is not possible with this valve since the S 
two cathodes are connected inside the envelope, to reduce the effects of cathode 
lead inductance. 

MO accurate measurement of the tuned circuit inductance was possible 
with lengths of line less than about 3 inch s e , and no great improvement in 
bandwidth KLS achieved with these shorter lines. Vith 2.75 inches i&e frequency 
of 0scillatioiz vas 110 MC/S, and 2 bandwidth of 22 kc/s could be obtained with 
wires of about 3 ohms cold resistance (0.0002 in Tung.), mounted in a suitable 
probe. This appears to-bc about the practical 1jmi-t for this oscillator without 
recourse to overall feedback. 

E'rior to the construction of this high frcquwq oscillator platinw 
Fires had been supported on ix10 stir"f tinned copper leads attaohed to porcelain 
insulators. The wire was soldered across the suppcrt points and a suitable 
length etched qff the silver coating. This enabled xires of various resistances 
to be maiie with the minimum effort, ,a.n important feature when the risk of a 
wire f'ailuxe due to burn-out is groat. A typical wire mount such as describd 

above/ 
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above was-found to have an inductance of 0.04 ,I1 and with the total tuned circuit 
inductance as low as 0.30 flI this addition has to be considered when the predicted 
bandwidth is calculated. 

The QQV0&/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 tc verify that the 
same bandwidth could be attained with this arrangement. 

8.7 High 3’requenc.y Characteristics of Hot-wire Probes 

The technique of production of hot-wire probes suitable for high air 
speeds is dealt with in Ref. 6 but a short discussion of their electric&l. 
characteristics is included here since the transmission line oscillator at 110 MC/S 
makes the severest demands on 10%~ probe inductance. 

Fig. 76 illustrates the manner in which the wire itself isInrppcrted on 
two steel needles, in turn held inside a 0.125 inch outside diameter 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 case9 and the case 
serves as the electiical. connection to the wire, The probe unit above was tested 
by means of a Q-meter at 60 I.+, the highest frequency available, and found to 
have the following characteristics: 

L = 0.027 j.iH 

R = 0.05n 

c = 9.0 pF. 

It will be seen that the inductance is a??reciable when compared with the 
total tuned circuit inductance and Little advantage w5ll be gained from reducing 
the latter. The unit s!lown in Fig. 76 is, moreover, only part of the 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 iTorking section 2 inches square vtas to be used in a 
preliminary trial Tzith the oscillator developed and the support must be long enough 
to allon.traversing at least to the centre line. Tc-ro probes were finally used, as 
ahown in Figs. 77 and 78, The first is suitable for the unit in Fig. 76 which may 
be replaced VJhen a wire fails, v;hile the second was designed for use at transonio 
speeds where the interference from the support must be reduced. 

A dq 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 shown was necessary to avoid bow wave -interference from the support. 

k series of bandwidth measurement s made using the replaceable probe 
unit showed that responses with 3 dE points at about 22 kc/s were consistently 
obtainable with tungsten wires of 0.00022 in. diam. A tyrical response is sh0Wn 
in Fig. 79. The feedback coupling for this example was set at about 20 pF, the 
total anode current was 60 mA and the anode voltage 250 V, The best responses 
were obtained with the lwed tuning capacitance set for maximum response amplitude, 
less than this causiug squcgging and a-eater, a damped response, as did a decrease 
in the anode voltage or an increase in the feedback coupling. 
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9. The Production of Variati.ons in Velocity for Testing Purposes 

The need has long been recognized for scme means of applying a lcnovn 
veloc'-t;y variation to a hot nire in order to ascertain its frequency response. 

4 
7,&Y 

. 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 
too lm. 

An alternative method of testing the hot wire is by the use of a veloci-by 
transient. This is analgous to testing an amplifier with a step-func,tion input 
instead of sine waves. A velocity transient CXUI easil;y be obtained by disturbing 
the stream in front of the ~rire for a short period of t-ime by shooting through it 
a small &stacle. This can be done by means of a needle projecting from the rim 
of i large disc rotating at high speed. Some practical results are given in 
subsection 9.1. 

Another way of produc-hg a change in speed in a supersonic stream vmd.d 
be to hVe a small wire forJT!hg an obstacle vrhich is suddenly disintegrated by 
passing a current through it. Another pcssibili"cy would be to have an obstacle 
which is moved very rapidly by electrownetic means. Transient effects can also 
be produced by electric sparks , and some eqcrimental work on this method has been 
done, but it was found impsssible to eliminate pick-up voltages from the spark 
itself. The possibility of using a shock tube is referred to in subsection 9.2. 

3.1 Trcvlsient Testing of the 'irirc in sn Airstream 

By disturbing the flow of an ai,, retream 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 disa 
of diameter 4 inches 7;Uch was rotated at ,!+,OOO r.p.m. so that the needle was in 
front of a l-fire, whose length \:as O.& ;run, for a period of about 65 ,USCCS. The 
output of the oscillator was applied to a cathode ray tube with the time-base running 
free so that the pulses appeared at random positions on the screen. A brief 
e~r~osure ;vas made on a camera and by projedting the film strip on to a graph sheet 
the shape of a single pulse could be determined from a calibration sine t-rave on 
the tube. The oscillator actually used was the transitron described in Ref. 2, 
which gave a bandwidth of about 12 kc/s without negative feedback. Rise times of 
about 60 to 70 psecs were observed in practice as shown in Pig. 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 to zero is seen from Pig. 80 (a) 
to be about 180 Dsecs and this cou&J. be reduced by the use of negative fecdbaok, 
F-ii;. 80 (b). The application of negative feedback with this particular type Of 
oscillator 72s not reported in Ref. 2 bllt its main effect was to increase the 
peak without greatly extending the bandwidth as evidenced from the overshoot zeen 
in Fig. 80 (b). 

9.2 The Hot Wire in a Shock Tube 

A more truly square wave may be'obtained from a shock tube although 
tine cliisturbance amplitude in this case is very large and followed, in a short 

; shock tibe, by a periodsof unsteady~flow. A simple 2 inch diameter shock tube 
exhausting to atmospherc~&% constructed and rise times of 50 ~.lsecs were observed 
when the response bandvtidth ,of th c equipment was about IG kc/s (QQV04/20 oscillator 
Section 8.6). Since the signal is in this cast 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 signa3-to-noise ratio. 

Iiovrever, 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. 

_Conol.usion 

The theory of operation of a hot-wire anemometer using tC-ro types of 
heating has been dealt with in aonsiderable detail, axii experimental verification 
of the major part of this theory has been obtained, It has been shown that witi 
a given wire there is a limit to the attainable signal-to-noise ratio at high 
frequencies, and this limit has been approached 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 mill be 
reported in a further paper. 

Author(s) 

B. Wise 

2 

3 

B. Wise and 
D. R. Stewart 

J, C. Laurence and 
L. G, Landes 

4@ E. OssovsQ 

5 II. Chestnut and Servomechanisms and regulating system design. 
R. Mayer Vol.1, Wiley and Sons, N.Y. 

6 D. L. Schultz The design and construction of hot-wire 
anemometers for high speed flows. O.U.E.L68. 
Conxlunicated by Prof. A. Thorn. 
A.&C. 16,635 - 4th mh, 12%w 

4,1c . 

References 

Title, etc. 

The hot-wire anemometer for turbulence 
measurements. Part I. 0.U.E.L.52. 
Presented by Prof. A. Thorn. 
c 2% mc FebraaQ,-t%1 l 

The hot-wire anemometer for turbulence 
measurements. Part II. O,U.?.LL54- 
Presented by &aPo A. Thorn. 
&l?,-eq4,, -sqJtem-mkf T95L 

Auxiliw equipment and techniques for 
adapting the constant temperature hot-wire 
anemometer to specific problems in air 
flow measurements. 
N.A.C.A. T.I'T.2843. 

Constant temperature operation of the 
hot-wire anemometer. Rev. Sci, Ins.9, 2, 
p.881. 

. 



- 35 - 

References (Ccntd.) 

No. - Author(s) Title, etc. 

7 A. A. Hall The measurement of the intensity and scale 
cf turbulence. 
R. ~9, M. 181+2. August, 1938. 

8 L. S. G. Kov&znay Turbulence measuring equipment. 
N.A.C.A. 2839. 

9 H. Schuh Determination of the sensitivity and the 
time constant of hot mires for turbulence 
measurements. (X&'-VG33-165T). 
A.w?.10,0~6 - kgust 15th 1946. 

from Eqn. (I) in Ref. (1) 

vi = f(%, v> 

-thus 
dv df 1 dv v V 
--i+v = -- ----- 
di I 1 dR idi 

, Ii1 = " 
i" i 

dv 
-- + RA 
di A dR 

and from Eqn. (10) in Ref. ($) 

df 
-- = ia 
dR 

Hence 

and 

dv rp1 

me -w  = i 1 di Rb 
,=I 

2% 
1 + --- . 

R b I 

Rb 

dv 
= Rl-tRb. 

BW 





FIG. I. 
FIGS. I - 7. FIG. 2. 

I 
u 

FIG. 3. 

P Q 

H i S 

9 

-w-m 
w--- s 

I I 
b b 

-CL 

i 

FIG. 7. 

Ai 

FIG. 6. . 

FIG. 4. 



i=lGS. 8 - 12. 

FIG. 8. 

ta 

, 

I Am 
1 +PTC m0 

L -T-- 

At 

FIG. 9. FIG. IO. 

A 

dB 

FIG. II. 
R, Ai 

-Rc 

2L 

FIG. 12. 

-D A- 

v2 - --- --- --- --- 
--- -- 0 

\r=) (‘3/ 0%. 

A 



FIGS. 13 - 16. 

!=IG. 14. 

k Ai, 

kin d5 

Ai, 

R9 

FIG. 15. 

t=-lG. 16. 



FIGS. 17 - 20. ’ 

FIG. 18. 

dOI 

0 I 

-j 

FIG 20. 

+j 

I I+k 

. 
-J I 



FIGS. 21 - 23. 

. 

IO 

d0 

O- 
I 

w\ 
\\ 

N4 

- IO 

-20 

\ 

-30 

\ 

-40 
‘4.1 I.0 wT w =- 

00 

Amplitude response IG, 63 I 

b 
IO 

ISO” 
f=lG. 22. 

I I00 

l60- - 160 

140 14c 
\ 

I20 . 120 

100 . . 100 

80. - 80 

60~ \ 160 

40. ,447 

20 I I b- 8 20 
-- IZO 

01 
0-I I-0 wT cr) IO0 =- 

4Y 

Phase response. 

FIG. 23. ) 

--WV +j 
-w --N -I. 

+ 

. 



FIG. 24. 

asEqj L 

In 0 
cc) 

I 







t=!GS. 26- 28. 

I FIG. 26. I 

FIG, 27. 

.- I 

I 
1 S 

AV 

T 
C 

0 
k 



FIGS. 2% 30. 

FIG. 29. 

Input to a 
SPi Qv 

=P+a- P+ Q 

FIG. 30. 

R hot wire 

b) 

R hot wire 

R hot wire , - 

h 



0.4 

0.3 

VW Volt 

0. : 

0. I 

FIGS. 31 - 34. 

FIG. 32. 

L 

500kQ 
IOkR < +10oOpF 

FIG. 33. 

IO 

I r.f. m A 

FIG. 34. 



FIGS. 35 & 36. 

I r.f mA 

J J 
5 5 

I d.c. mA I d.c. mA 
IO IO 15 15 20 20 

FIG. 35. 

FIG. 36. FIG. 36. 
I 0+ 0+ 

1000 -- = 1000 -- = 
Pf Pf 

audio fr: audio fr: R.f? choke R.f? choke 

,:oo pf ,:oo pf 
nJ input nJ input 

L L . . / / 

soopf soopf 

v, f\ V2 f\ q = Ch q = Ch 
- - --- --- --- --- 

ext. ext. 
oscr oscr 

/ 

I 
n- o- 

6 Response Response 

Oscillator at low radio frequencies. Oscillator at low radio frequencies. 

L= L= 97,uH, Rw = l5R. Fr. =700kc/S. V,,V2,Va EF50 97,uH, Rw = 15R. Fr. =700kc/S. V,,V,,V, EF50 V, EA50 V, EA50 

V, and VT suppressor and screen grid V, and VT suppressor and screen grid connections are conventional and connections are conventional and 
are omi tted for clarity. are omi tted for clarity. V, cathode bias not shown. V, cathode bias not shown. V3 suppressor V3 suppressor 
and screen grid and screen grid tied to anode. tied to anode. 



. 

FIGS. 37 a 38. 

. 

I IO 
L = 97& 

5, 

0 

dB 
-5 

-10 

-15 

-20 
IO2 

FIG. 3’7. 

2000 

Gain 

IO3 

Freq. c/s 
IO4 

I 
FIG. 38. 

A 
T 

7 

0 

I I I I I 
IO 20 30 40 50 60 

Vin, mV 



/=lG. 39. 

IO3 IO4 
Freq. c/s 

Oscillah at low radio frequencies, ef feet of inductance. 

Wire time constant = I.43 millisecs. 
105 pF for II and 6.65 WH coils, 

Tuned circuit capacikances C -C= 

-5pH, Rk = 1600R; 
1000 pF for 97 FH coils. 

Rk in each case adjusted 
II p-H, Rk = 220 Cl ; 97,uH, Rk = 1330 R. 

to give optimum response. 



FIG. 40. 



mA P 

R” Hot wire R5 2 M R R,, 30 k R c, 300 pF C6 75 PF C,, 0.25 +F Va 6L6 

RI lkrr R6 300 R R,, lo0 k R C2 300 pF C, O-l5@F Cl2 25 pF V5 EA50 

R2 IO kQ R, IO k I-2 R,7 100 kR C3 1000 pF C8 025fiF V, 6J5 L, 50 /LH 

R3 IO kZ2 R8 100 kR Rla IO k R C4 300 pF C9 25 pF V1 EFSO 
R, 100 kR R, 500 kQ RM 300 f2 C5 75 pF Cl0 0.l5pF V3 EF50 



FIGS, 42 II 43. 

FIG. 42. 

IO, I I I IllIll I I I IllIll I I I 1 

-20, 

. 

-30 - 

-4o< 
IO2 I03 I04 

hq. c/s 

Overall negative feedback. 

. Response of circuit shown in fig. 31. Radio freq. - I.5 bl c/s 
Rw = 20 R (O*OOOl in. Pt.), L = 50 ,~LH. id,c. c 8 mA in the wire. 

FIG. 43. 

Square wave 
1000 c/s 

f-L /( fit. = I .5 mA 
= 0.75 



FIG. 44. 

0.75 4= 0.75 4= A A 20 20 
FF FF To 9, To 9, 

6L6 6L6 

xzEF50 xzEF50 ?OOkR ?OOkR 200 kn 200 kn 

too R too R 2MR 2MR 
2MR 2MR 

fiG. 45. 

L I? FT =a Demod-- q Amp B Amp - 
C . 

. 



FIG. 46. 

0 

-5 

-10 

IO3 IO4 

Freq. c/s. 

Overall negative feed back with d ifferential stabil is ation. 
. 

Response of system shown in figs. 41.44. Rw = 35 R, L=50pH. 



FIGS. 47 LJ 48. 

l=lG. 4% 

, 
(4 

( b) (d) 

Differentiated feedback for stabilisation. 

Square 1000 c/s . Radio frequency = 1.2 MC/S. Rw = 30 ohms. L=47#6,~H. 
R.F. wire voltage = O-046 V. D.C. in wire 12 mA. 

(a) Negative feedback applied to initial response, 
(b) Differentiated feedback applied to reduce peak. 
(c) Further negative feed back applied. 
(d) Increase in differentiated feed back. 

‘CJCl I n 

Overall negative feed back with constant voi taqe wire heating. 

V, is driven from an external oscil I ator and su ppl ies the wire R 
under constant - voltage conditions. D is a demodulator and A a 
vol tage amplifier which drives V,, V. supplies direct current to the 
wire along with the negative feed back signal . 



FIGS. 49 - 51. 

FIG. 50. 

Kd0 

Ai, 
'I =a 

Open loop response \( 

L, L2 0.73 F H 
G c2 IO -50 pF 
Radio freq. 50 tic/s. r 

Ext. oscill, 
EF50 

0 
VI G?, --- 

1 T IkR 

EASO 

1, ‘51 i iT Ch 5kR 

. ia ~wzir r 
c2 

#. 
v2 f,\ 

EF50 

--- \p - A - 

Wave -cl Anal 

F 

-+ H.7: 

1 
E F55 

. 

1300 1 300 04M R 1-I ), 
PF c 

O-H.T. 



C 

I lw \ I IJ II I 

““.... 

C 
r 
cy 

C 1 
C 
Y b 1) 

. 



FIG. 5% 

0 

\ 
\ 

\, 

\ \ 

\ \ 
c \\ O/Cons. voltage resp. 

dB 

IO3 

Freq. c/s 

. 

Response of constant vol taqe system, fig. 47, with overal I 
negative feedback. 

Rw - 30 n , 0~0001 Pt. VW = O-70 v Id = IO mA Gain -3OdB 
l+K-5 z. 

I 



hGcS. 54,55 pi 56. 

f=tG. 54. 

I 

1 + PT 

k pT, 
1 + pT2 

Response 3 

FIG. 55. 

b 
Orig . resp. 

\ 

Freq . 

Resp. with F/back 

\ 

R E osc 

R. E 

amp. 

I D.C. 

stage 

C 

Driven 

stage 

!I 

Demod. 

P Response 

t 
Voltage -r amp. 

. 

. 



FIG, 57. 

I I I I I I / 

t 
.O - 

I I I 

0 
? 

9 0 
63 T 
m 

‘. 



30kR 

FIG. 59. 

Rw=2ln Rk-0 (pt) 
-5 

Rw=2lf2 Rk =250R (pk) 

Rw=911(Tung)Rk=1XW2 

Rw=9Cl(Tung). Rk=EOOfl 

. IO3 IO4 
Freq. c/s. 



FIGS. 60 - 62. 

FIG. 60. 

I I 
o+ 

50 OF ma% 
I IL/ 

- I 
1 ) 

Ll Rw L2 

FIG. 62. 
10 - I I I II' 

L=O405pH (L, + Lz) 
fr i 44 MC/S 
Rw=211, oao02”Pt. 
Demodulator tuned 

@ Ig, = Om A, beyond cut-off 

Freq. c/s 



FIGS. 63 a 64. 

IO 

5 

d0 

FIG. 63. 

I llllll I I IIII 
1 

0 Rk = 130R Rw= 215R 0~0002" Pt 
r 

Freq. c/s 

Response of push pull oscillator with cabbode deseneration. 

Total tuned circuit inductance = 0.24 Eli. Tcav, = 0.318 millisecs. 
Radio freq, = 50 MC/S Rw = 3 cr, 0*0002 in. Pt. 

@ R k = I30 R ‘pos F/B reduced 

i=lG. 64. 



FIG, 65. 

dB 

I IllIll I 

0 5 Demodu,lab phase 

-180' 

I I 1 

\ 

\\ 

\\ 

i; 
>: 

. i20° 

4 
$ \x-o I Original response I \I lllllll 

-10 

I\ I ‘\ 

\ 1 Ij(4)Theorekal M= :‘“,3, 

60' 

3o” 

I I I 5- 

-251 I I I Illll - 0” 
2x IO3 IO4 lo5 Id 

Freq. c/s 

Qpert’mental and theoretical responses. 

Overall negat i* fee&a& applied ta push - pull 807 circuit, 

Phase response (3) obtained from ref. 5. 

Rw = 2.5 ) 0.0002 in. Pt. Rk = 220 R. , L = 0*24pH* T,, = 0318 msec. 



FIG. 66. 

v) , %i 
D .- 
2 

-0 

Phase margin 
0* IO0 20’ 30" 40* 50' 60” 70” SO” 90" 

32 E < 
0125 

I- 
4, \ 

h Consthlcontours 

JO 
\ 

12 

0 

4 

0 (0 

-4 
(0 

kc/s (2) 

-85) 

.708) 

*Sol) 

Nichoh chart showinq (41, response fiq. 65. 25 d 6 

-- suppression &t low , frequencies t = 0 470. 

Locus (2) above referring to fi’g. 63. 



d 

lC,G,j c3rigifW resp -1 

150° 

I I IIIllll I 

4 

-IO 

-I5 

-30 

Freq. c/s. 

Negative ,feedback applied to underdamped response 

!z = 0.25 in original response (11. Phase derived from Ref. 5. 
LUIS of (3) plotted on Nich& chart, Fig, 66. 



FIG. 68. 

I 

A= Fesdback ampl. 33 c/s - 4Mc/s 

I 

RF. osc. 

I 

L - 0.24 /LH Gain 32d6 
P-P 607’S 

FIG. 69. 

sin 8 = A/B 
I 



FIGS. 7G & 71, 

FIG. 70. 

Push pull 807 oscillator. 

110 
T 

FIG. 71. 



FIGS. 72 & 73. 

FIG. 72, 

5 

d0 

0 

-5 

FIG. 73. 

0 Push-pull 807 L=0~57pH 

@ QQVO4/?0 L=O*57pH 

@ QQVO4/20 L= Om30kH 

‘@ QQV04/20 L=Oa30pH 
Trans. line tuned circui L 

PF 

- 

- 

- 

- 

- 

- 

- 

- 

-- 

- 



FIG. 74. 

‘/rs” diam tubing 
Id centre spacing \ 

300 pF 

50kR 

IopF 
/ 

Push 

FIG. 75. 

3oopF 

-t 

PF 
V2 Shown. 



Fins’. 76 - 78. 

FIG. 76. 

Scale; 4 x full size 

O-125” brass tube. 

Hdt- wire 

Steel needles 
* 

P.V.C. aligning bush 

FIG. 77. 

169. lead Lo wire 

Pe rspex 

edge 

unit 

o Scale ins 

. 

FIG. 78. 

- 

leads /CoPPer 

1 

I 

cast in. 

/Moulded “Araldike” body 

w, . 
Steel needles forming 

we support 

Anemometer probes. 



FIGS. 79 & 80. 

FIG.~~. 

d 

104 

Freq. c/s 

FIG. 80. 

b=-- 
h * 65 p set 

t2 - 200 /u set 

t2 (a) 








