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1A. FETs AND BJTs ARE CCDs

Field-Effect Transistors and Bipolar Junction Transistors
are Charge-Controlled Devices

Both can be represented by the same small-signhal equivalent
circuit model
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Recommended model for both the FET and the BJT:
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Conventional terminology:

This is the model used throughout the TT DVD
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10. BASIC FEEDBACK

An Improved Formula expresses the closed-loop gain G
in terms of only two quantities, the Specification G, and
the Loop Gain T

v.0.1 3/07 http://www.RDMiddlebrook.com
10. Basic Feedback



v.0.1 3/07 http://www.RDMiddlebrook.com
10. Basic Feedback



v.0.1 3/07 http://www.RDMiddlebrook.com
10. Basic Feedback



v.0.1 3/07 http://www.RDMiddlebrook.com
10. Basic Feedback



v.0.1 3/07 http://www.RDMiddlebrook.com
10. Basic Feedback



v.0.1 3/07 http://www.RDMiddlebrook.com
10. Basic Feedback



v.0.1 3/07 http://www.RDMiddlebrook.com
10. Basic Feedback



v.0.1 3/07 http://www.RDMiddlebrook.com
10. Basic Feedback



v.0.1 3/07 http://www.RDMiddlebrook.com
10. Basic Feedback



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

10



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

11



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

12



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

13



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

14



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

15



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

16



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

17



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

18



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

19



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

20



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

21



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

22



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

23



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

24



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

25



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

26



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

27



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

28



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

29



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

30



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

31



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

32



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

33



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

34



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

35



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

36



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

37



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

38



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

39



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

40



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

41



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

42



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

43



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

44



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

45



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

46



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

a7



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

48



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

49



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

50



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

51



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

52



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

53



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

54



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

55



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

56



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

57



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

58



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

59



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

60



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

61



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

62



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

63



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

64



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

65



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

66



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

67



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

68



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

69



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

70



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

71



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

72



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

73



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

74



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

75



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

76



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

77



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

78



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

79



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

80



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

81



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

82



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

83



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

84



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

85



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

86



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

87



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

88



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

89



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

90



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

91



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

92



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

93



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

94



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

95



v.0.1 3/07

http://www.RDMiddlebrook.com
10. Basic Feedback

96



Exercise 10.1
Find the discrepancy factor D for a switching regulator loop gain T.
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Exercise 10.1 - Solution
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11. NDI AND THE GFT:

Null Double Injection and the General Feedback Theorem

How to identify and include nonidealities in a third quantity,
the Null Loop Gain Tp
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Conventional block diagram:

uo = Hu,-

Uj
+® A o

O

K

A A

H: =
1+AK 1+T

where T = AK is the loop gain
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Block diagram approach for closed-loop gain H:

U; u0=Hu,~
O +® A O
O
K
A A
1+ AK 1+T

where T = AK is the loop gain

The block diagram says: if A=0,then H=0
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But, this isn’t true in an actual circuit model:

iR

I
T@r

{ :

If the second device fails open, the input signal can still reach the output

by &oifig the "wrong way'htfhwm'fé@d@&@k path. - A

.NDI & the GFT



The formula is wrong because it is based on an incomplete model:

Op = Hei
+
+_ —_ A
1+T
€
?
K

Two deficiencies:

1. Requires an ideal injection point

2. Ignores nonidealities
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In contrast, the Dissection Theorem, which is a formula in similar format,

is not based on a model.

On the contrary, the block diagram is a result of the formula, not its origin,

and contains no assumptions or approximations.

uo = Hui

¥fow%n the DT be mad&tpfff%g%%ﬁe\eg;fééﬂ%ack system? °



Dissection Theorem (DT)

first level TF

Redundancy Relation:

u
HY _ T,
HYx T
v.0.1 3/07

Huy Eu_O
u; _
uy—O
Hux = u_o
u.
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There are many reasons why the Dissection Theorem is useful.

The minimum benefit of the DT is that it embodies the
"Divide and Conquer" approach, because one complicated
calculation is replaced by three calculations, two of which
are ndi calculations and are therefore simpler and easier than

si calculations.
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Not only does the DT implement the Design & Conquer objective, but
the DT is itself a Low Entropy Expression, and much greater benefits

accrue if the second level TFs have useful physical interpretations.

Thus, the second level TFs themselves contain the useful design-oriented
information and you may never need to actually substitute them into the

theorem.

For example, if T,T,, >>1, H~ H "y

v.0.1 3/07 http://www.RDMiddlebrook.com 9
11. NDI & the GFT



How to determine the physical interpretations of the second level TFs?

What kind of signal (voltage or current) is injected, and where it is

injected, defines an "injection configuration."

Therefore, the key decision in applying the DT is choosing a test signal
injection point so that at least one of the second level TFs has the physical

interpretation you want it to have.
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Specific injection configurations for the DT lead to the:
Extra Element Theorem (EET)
Chain Theorem (CT)
General Feedback Theorem (GFT)
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Dissection Theorem (DT)

1 H
/ I+, 4 1+T 1+T
\ /
first level TF second level TFs
u u
. . . u
Ui u,=0 Ui 1y, =0 Ui u, =0 Uy u;=0 X lu,=0
gain
v.0.1 3/07 http://www.RDMiddlebrook.com 12

11. NDI & the GFT



What test signal injection configuration makes the DT represent a

feedback system?

We wantH'? to represent the ideal closed-loop gain, and so the test
signal u, must be injected at the error signal summing point.
At the same time, u, is the signal going forward around the

feedback loop, so T represents the loop gain:
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Test signal injection at the error signal summing point:

1 H +H
/ 1+T<— Si 1+T 1+T
AN /

first level TF second level TFs
u u
g g = Yo HYx = Yo T=_Y TnE—y

T T T

closed-loo7p ideal closed- | loop null loop
v.0.1 3/0 1 . http://www.RDMiddlebrook.com . .
gain 00p gain 11. NDI & the GFT gain gain



Test signal injection at the error signal summing point:

1 +H
1+ + 1+T 1+T

It is seen that the closed-loop gain H is the weighted sum of two

components:

closed-loop gain when T = co: H,=H "y
(the "ideal closed-loop gain")

closed-loop gain when T = 0: H,=H"*

V044 "direct forward tf&%é’ﬁf@gﬁiﬁ dglebrook.com

the GFT



With these new definitions, the DT morphs into the
General Feedback Theorem (GFT):

signal
input
@
uj
H=H, —=H, LS S
first level TF second level TFs
u
H = Uo H, = %o Hy = %o T=_7
Ui lu_=0 Ui 1, =0 Uil =0 Ux
closed-loo7p ideal closed- _ direct forward loop
v.0.1 3/0 . http:/{www.RDMlddIebrook.com .
gain loop gain TANRBLESHLET gain

T

null loop
gain




The augmented feedback block diagram:
This is the same block diagram that represents the conventional model,

plus the H; block, and the corresponding null loop gain T,,, which

represent nonidealities not accounted for in the conventional model.

5.

+

Uuj + U, =0Hui
0 - H,T

1
H

One of these nonidealities is the direct forward transmission through

tho E% /%7dback path "in theh%{'/og%R p'ﬁéj ?g{%OK somm L




The GFT Approach:

u; uy Uy Uy = Hu ;
- Note boxes, o
U,
not
arrowheads

Inject a test signal u, at error summing point.
The GFT gives all the second-level TFs directly

in terms of the circuit elements.
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As already seen, the GFT can be expressed as the weighted sum of two
components:

1+ T 1
H=H n_H 4+ H
P14l 14T O14T

It is useful to define the weighting factors as "discrepancy factors"
D and Dy, :

T Dy = 1
1+T 1+T

D=

1

Also define a "null discrepancy factor" D,=1+ T
n

H=H,DD, = H,D+HyDj
WhenT>>1, D—>1 and Dy —>1/T When T, >>1, D, >1

WhenT<<1, D—>T and Dy —>1 When T, <<1, D, > 1/T,
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Different versions of the GFT:

1+7 T 1
H=H n_ [ +H
P14l 14T O14T

H=H,DD, = H,D+ HyD,

Thus, the direct forward transmisson nonideality H, appears either:
as a multiplier term, indirectly via T,, or D,,, or

as an additive term, directly
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The job of a designer, as distinct from that of
an analyst, is to construct hardware that meets

specifications within certain tolerances.

If you are designing a feedback amplifier,

you effectively proceed through four steps:

v.0.1 3/07 http://www.RDMiddlebrook.com
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Design Step #1
dB;

90.0

HOO

30.0|

-30.0
-90.0

-150

100 1k 10k 100k 1Meg 10Meg
frequency in hertz

Design the feedback network K =1/ H_, so that H,,

meets the specification

v.0.1 3/07 http://www.RDMiddlebrook.com
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Design Step #2
dB;

90.0

30.0

-30.0 _ r
: 1+T

-90.0

-150

100 1k 10k 100k 1Meg 10Meg
frequency in hertz

Design the loop gain so that T is large enough that the

actual H meets the specification within the

'"§Hved tolerances! i ouidderoocon 2



Design Step #2 cont.

11. NDI & the GFT

dB
90.0}
30.0 H,
-30.0 H,D
-90.0 D
-150

100 1k 10k 100k 1Meg 10Meg

frequency in hertz
Construct H, D from H, and D
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Design Step #3
dB;

90.0

30.0

-30.0

-90.0 D

-150

100 1k 10k 100k 1Meg 10Meg
frequency in hertz

Design T to be large enough up to a sufficiently high

frequency. Usually the most difficult step; includes
"th%tability requit@m{ent’ oo con %



Design Step #4

dB;

90.0|

30.0 H,

-30.0| Do e

g HODO
-90.0
-150
100 1k 10k 100k 1Meg 10Meg

frequency in hertz
Design the direct forward transmission so that H,

is small enough that the actual H meets the

"§pélification withiftHEJNHREd tolerances 20



Design Step #4 cont.

dB;

90.0

30.0

-30.0
HyD,

-90.0

-150

H_ D

100 1k 10k 100k 1Meg 10Meg
frequency in hertz

Construction of H with HyD, as

an additive term to H_,D

v.0.1 3/07 http://www.RDMiddlebrook.com
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dB;

90.0

30.0

-30.0
-90.0

-150

frequency in hertz
Construction of H with D,, as

a multiplier term to H,,D

v.0.1 3/07 http://www.RDMiddlebrook.com
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Calculation of the second level TFs H,,,T,H,,T,, by

injection of a test signal u,.

Ultimately, we want to calculate the second-level TFs
directly from the circuit model, but first we'll do it from

the block diagram.

We want to do this by signal injection, without
disturbing the circuit configuration and therefore

without disturbing the circuit determinant.

Normally, we inject a single signal and calculate a TF

whose input is that signal. This is single injection (si).

v.0.1 3/07 http://www.RDMiddlebrook.com 29
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However, a powerful analytic technique is to inject two
signals, mutually adjust them to null some dependent
signal, and calculate a TF whose input is one or the
other of the two injected signals. This is null double

injection (ndi).

Consider the second-level TF H_,, the ideal closed-
loop gain. The actual closed-loop gain H falls short of
H,, because the error signal, which is the difference
between the input signal u#; and the fedback signal

Kug; isnot zero whenitheWdeoo I%&inoris not infinite. =0
11. NDI & the GFT



I

U; Uy = Hui
o= +& @ +5§ o)

O,

{
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Normal closed-loop operation

v.0.1 3/07 http://www.RDMiddlebrook.com 32
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Inject a test signal u, that adds to the error signal:

the output u, increases and the error signal u, decreases

v.0.1 3/07 http://www.RDMiddlebrook.com 33
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Hoou,-

Simulates infinite loop gain

Increase u, until u, falls to zero: this is an ndi condition.

The ndi calculation is H, = Yo

u o
v.0.1 3/07 http://www.RDMiddIE = 34
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Inject u, with u; setto zero: this is an si condition.

u
The si calculation is T =—2
ux .
v.0.1 3/07 http://www.RDNV Hdl@bg)ok.com
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Back to normal closed-loop operation
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Inject a test signal u, that subtracts from the error signal:

the output u, decreases and u, decreases

v.0.1 3/07 http://www.RDMiddlebrook.com 37
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Increase u, until u, falls to zero: this is an ndi condition.

. . . u
The ndi calculation is Hy = —%
u o
v.0.1 3/07 http:/fwww.RDMiddlebgicz b 38
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Further increase of u, causes u, to reverse, and a further

drop in u,

v.0.1 3/07 http://www.RDMiddlebrook.com 39
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o0

Increase u, until u, falls to zero: this is an ndi condition.

u
The ndi calculation is T, = A

Uu
v.0.1 3/07 http://www.RDMic%leM@oEQm 40
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Under this ndi condition of nulled u,,
Hy,Tu, = Hou;. But u, =u;, so u,/u, =H,T/Hy,

which,is how T, wag originall mslkecofr%ned

11. NDI & the GFT
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D— 1+ 10

1 H,T

+
Q- W —  Redundancy relation:

T
H=H +H -H, =l
@ “1+17  Y1+T % 1+

I, _Hy
Q T HO
. . u . .
ideal closed-loop gain: H,, =—2 ndi calculation
u; =
. . Uy .
principal loop gain: T=— si calculation
ui u,-=0
. . u . .
direct fwd transmission: Hy=—% ndi calculation
Ui u,=0
"y
null loop gain: T, =— ndi calculation
v.0.1 3/07 http://www.RDl%ddlegro k.com 42
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Test Signal Injection Configuration

In order for the definitions of the four second-level TFs
H,,T,Hy,T, to have the interpretations shown, it is
necessary that the Test Signal Injection Configuration

satisfy the conditions adopted in the preceding derivation:

v.0.1 3/07 http://www.RDMiddlebrook.com 43
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Test Signal Injection Configuration

In order for the definitions of the four second-level TFs
H,,T,Hy,T, to have the interpretations shown, it is
necessary that the Test Signal Injection Configuration

satisfy the conditions adopted in the preceding derivation:

1. The test signal must be injected so that u,, is the error

signal. This makes H,, equal to the Ideal Closed Loop
Gain 1/K, the reciprocal of the feedback ratio.

v.0.1 3/07 http://www.RDMiddlebrook.com 44
11. NDI & the GFT



Test Signal Injection Configuration

In order for the definitions of the four second-level TFs
H,,T,Hy,T, to have the interpretations shown, it is
necessary that the Test Signal Injection Configuration

satisfy the conditions adopted in the preceding derivation:

2. The test signal must be injected inside the major loop,
but outside any minor loops. This makes T represent the

Principal Loop Gain.
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The GFT Approach:

u; uy Uy Uy = Hu ;
- Note boxes, o
U,
not
arrowheads

Inject a test signal u, at error summing point.
The GFT gives all the second-level TFs directly

in terms of the circuit elements.
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Nonidealities:

1. Reverse transmission through the feedback path
2. Reverse transmission through the forward path
3. If both paths have reverse transmission, there is

a nonzero reverse loop gain

All nonidealities are automatically accounted for
by the GFT
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Are u,,u,,u, voltages or currents?

€z
0_—@—+° o—< >
1y 1y
Uy Ux .
_ Jz
C+ o] (o
v.0.1 3/07 http://www.RDMiddlebrook.com
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Inverting Opamp

MV MV <
Rll k R2 101( - vO
‘). P1
O . ,
R: transconductance g, (s):
10 12 2.,(0)=110 mA/V, poles —
at 10 kHz, 700 kHz I—
R, .
We want to get H,, =—=, soinject e, toaddto
R4
the error voltage at P1:
v.0.1 3/07 http://www.RDMiddlebrook.com 49
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Ideal voltage injection point

NMN—
Ry1k ,
€|, P1 §
O —e——(O——
R; v Uy
10k% y
® + —

An ideal voltage injection point is where v, comes from

an ideal (zero impedance) voltage generator,

or where v, looks into an infinite impedance.
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- Vo _ Hv y A superscript indicates
Y - the signal being nulled
1|y =
y
MV
R{1k
e €z
s P1 ~
C) R 1 . — . T
1
10 k% ’Uy =0 (2
+ —_—
v R
HY =—2=10=20 dB
R4
v.0.1 3/07 http://www.RDMiddlebrook.com 51
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ei=0
AN—
R{1Kk
¢ =9 P1 N
O t——-0—
R;
10 k% Oy = LpUx Ox
_ + _
T,(0) = g,,, (OIRy |(Rq |R; + Ry)]I RRi g, = 39.2 dB
R |R; + Ry
v.0.1 3/07 http://www.RDMiddlebrook.com 52
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Hy=2°| =H%
ei 0. =
X
NN
R{1k
el + P]. ez
O —e——O——=
R;
10 k% ’Uy Oy = 0
e + _
R R: (R + R
HY* = L i|(Rz + Ry ) —0.83=-1.6 dB
Ry +Rp Ry +R;|(Ry + Ry)
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V=0
AA'AY
R{1k o
el + P1 -
o O
i
101(% Oy =1lpyUx  Ux
+ —_

T,,(0)=g,,(0)R, =1100 = 60.8 dB

0

T,,(000 HVY

The redundancy relation mo ) _ =12.0
1,00 H%

is verified.
v.0.1 3/07 http://www.RDMiddlebrook.com
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Note that T,, is a simpler result from a shorter calculation

than is H, which is usually the case.

Therefore, it may be preferable to use the second of

the two versions of H :

First version:
T 1
+ HO
1+T 1+T

H=H, H=H,D+ HyD,

Second version:

1+
n
H=H,— =H,DD,,
1+
v.0.1 3/07 http://www.RDMiddlebrook.com 55
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Intusoft ICAP/4 Circuit Simulator with GFT Template

GFTve
+ O
@Ei Vo Uo
N
- y"@ >; + -
\;{y Ez \_/X
W
ANN—1 <
Rq1k
P1 R
+—e
L
R; 2
10 k% 120 k
N 1
Performs single voltage injection =
vat thre 1ideal point Ri:/imvww.RDMiddlebrook.com 56
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The GFT Template calculates all the second-level TFs
H,,T,Hy, T, and inserts them into any version of the
first-level TF H, for comparison with the directly
calculated H (the "normal" closed-loop gain with no

injected test signal).

All TFs can be displayed as magnitude and phase
Bode plots.

The results for the above circuit were those used

previously to illustrate the four Feedback Amplifier
E)éﬁ(gn StepS. http://www.RDMiddlebrook.com 57
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Check that H is what was expected

dB,
90.0
30.0 \\\f H, =20 dB
-30.0 Lo
i T, crossover
-90.0 | T.
O} o
T,,, crossover
-150 |
100 1k 10k 100k 1Meg 10Meg
frequency in hertz
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Check that H[calculated] is same as H|[direct simulation]

dB

90.0| H

30.0| n H,
-30.0 ™~

N
T, crossover

T,,, crossover

900 fr— H,DD,

-150
100 1k 10k 100k 1Meg 10Meg
frequency in hertz
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A third version of H can be found by forcing the result
to be of the form H=H 1

© 1+1/T, °
1+ 1+
— — n __ n
H=H,DD, =H, a1 =H,, 1.1 1
T T, TT T,
1 1
=Heo 7 1 1 =H°°1+L=ILI°°D”
1+57 - T
T, \T T, p
Dn . " .. n
where T,=-—=-- 1isa"pseudo loop gain
T T,
TP
and D, = T is a "pseudo discrepancy factor"”
_|_
v.0.1 3/07 p http://www.RDMiddlebrook.com 60
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dB

90.0 H
i Tp
| ‘>ﬁ
-30.0 | p
-90.0 Tp
 H=H,D,=H
i +1,
-150?
100 o 106 100k 1Meg 10Meg

frequency in hertz

The pseudo loop gain T, may be hard to relate to

the circuit model, because it cont ins both T and T,
1 3/07 http://www.RDMiddlebrook.com
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Ideal current injection point

AM— A —<
Rll k R2 101( _
€; .
O | < > R
R; ty . iy CoghL
10 k% i 31 7. 20 k

An ideal current injection point is where i, comes from

an ideal (infinite impedance) current generator,

or where i, looks into a zero impedance.

Results are exactly the same as for the ideal voltage

. [Og 2 . http://www.RDMiddlebrook.com 62
lﬂféé)flon pOIHt' 11. NDI & the GFT



dB

90.0 H

: H
300} — .
-30.0

g I3
-90.0|
-150 /Ty

100 1k 10k 100k 1Meg 10Meg
frequency in hertz
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dB

90.0

30.0

-30.0

-90.0

-150

100 1k 10k 100k 1Meg 10Meg
frequency in hertz
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12. DNTI AND THE 2EET:

Double Null Triple Injection and the Two Extra Element
Theorem

A short and easy way to find the poles and zeros of a circuit
containing two reactances

v.0.1 3/07 http://www.RDMiddlebrook.com
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1
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1CE with C; and Cy
Use the 2EET to add C; and C

=120 -Ay,us Rg and Rp are already absorbed

i & . : :

1+8 _ into a Thevenin equivalent

ai
R¢|R Ry 2 10k
+ 4S6U\1?ﬂ df IE Aym = R aﬁLR =62 = 36dB
C _> r Rg + Rp "o+ 15+’BB
36
v.0.1 3/07 http://www.RDMiddlebrook.com 34
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For C; alone, results are already known:

) —Av% —_ S5 _ s/2rx
Y Ay =Ayy — 2 =36dB—880NIz
E 1+ o 1+ Sk
Ry <10k R P R
Ay =——B 2L _62=36dB
Rg+Rp , _ Rs|Rp
Zn=00 " 1+5 ZH=0
Ry =m,/a=36Q R;Z™" =mRy =620k
ARG o1 _ Rg|Rg[(1+ Py,
= — 1= — =
oRrEL™ P R2 Rs|Rp | |RL
v.0.1 3/07 http://www.RDMiddlebrook.com 35
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For C; alone:

s/2x
1+ 140kHz

=62 = 36dB

These results are obtainable by inspection;

no algebra is required.

v.0.1 3/07 http://www.RDMiddlebrook.com 36
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Rs|Rp |1+ By, _
RS HRB Hrm HRL

With the corner frequencies for C; and C; separately now known,

only K,, and K; remain to be found.

Since C; does not contribute a zero, K,, is irrelevant, and

v.0.1 3/07 http://www.RDMiddlebrook.com 37
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For C; and C;:

Rg|Rp |1+ By,

m= =
RS HRB Hrm HRL
__S
[0)
Av - Avm S S ; s S
1+wp1 +wp2 +Kda)p]a)pz
where
Z,=0 Z1=0
K = Rdf = RL = 1 or K = Rdzl = RS HRB Hrl’l’l HRL — 1
d R§12=°° mRy; m d R§21=°° Rg HRB @+ B, m
v.0.1 3/07 (Redumﬂ)a.lm.%ﬁﬁgﬁ?ebrook.com 38
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For C; and C;:

Rs|Rp |1+ B)ry _

RS HRB Hrm HRL
_ s
)
Ay = Apm ;
2
1+ L+ 1 4s4f 1 s
( a)pl a)pz mcoplcopz
The Q of the quadratic is
1
_ \/ma’pla’pz 1 \ Pp1Dp2
Q_ 1 + 1 _\/ma) 1+ @yo
Wp1 - Dp2 P P
0.5 : .
In general, Q,,,x = =, and since m > 1 the quadratic always has real roots.
v.0.1 3/07 m http://www.RDMiddlebrook.com 39

12. DNTI & the 2EET



For C; and C;:

Av = Avm

Rs|Rp |1+ By, _
RS HRB Hrm HRL

m=

Av = Avm

1+ 1 + 1 |4 1 s2
( a)pl a)pz mcoplcopz

Here, m = 62 so the real root approximation is extremely good, and the

result can be written

Av = Avm

[1+S 1+ S

D10 m(a) +@ ))
PLITP2 pivo: i \RBNiddI8Brbdk.com 40
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For C; and C;:

~—Ayg
© o Rs|Rp |1+ Ay, _
10k Rg |Rp | [ Ry
- 1— s/2x
=36dB s/ZnSSOMHZs/Zﬂ
s (1+37kHz)(1+12MHz)
m( o +a)p2)J

36dB 37kHz

140kHz 12 MH-

Interaction between C; and Cj; SSOMHz

" . . "
CALLB SR pole sphttmg. http://www.RDMiddlebrook.com 41
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13. DNTI AND THE 2GFT:

Double Null Triple Injection and the Two General Feedback
Theorem

Why two injected test sighals are needed in the general case

v.0.2 8/07 http://www.RDMiddlebrook.com
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The GFT with a single injected test signal, as a special
case of the Dissection Theorem, incorporates all
nonidealities, but still requires an ideal test signal

injection point.

Why does a nonideal test signal injection point give

'wrong"' answers?

Consider the example circuit already discussed:

v.0.2 8/07 http://www.RDMiddlebrook.com 2
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Ideal voltage injection point

NN/
Ry1k ,
€|, P1 z
O t——-a0—
R; v Uy
10k% Yy
® + _

An ideal voltage injection point is where v, comes from

an ideal (zero impedance) voltage generator,

or where v, looks into an infinite impedance.

v.0.2 8/07 http://www.RDMiddlebrook.com 3
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Test voltage injection on the other side of R; :

—AW AW ——<
Rll k R2 101( _
“il. P2 N P1
O — O———1 o, | Ry
R; v v B 2
10 k y . [ 120 k
+ _ +

This is a nonideal voltage injection point,
and the results for T, are quite different:

v.0.2 8/07 http://www.RDMiddlebrook.com 4
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dB

90.0 | H H H
30.0|
-30.0
-90.0
-150

100 1k 10k 100k 1Meg 10Meg

frequency in hertz
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Reason for the difference in T,:

MV AA'A"

N\

Ry1k , R, 10k
p2[ 'y 7! = P1
S R Ry
i
%y % 10k I 120 k
+ —_—

Consider T, (w — «): opamp gain goes to zero
Uy = [Rl H(RZ + RL )]ly ~ Rliy

Oy = Rily
% R
so T, = L ="Lx0
v.0.2 8/07 Ox R1 http://www.RDMiddlebrook.com 6
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A nonideal injection point gives a u, /u, that depends

not only on T, but also on the impedance ratio (looking

forward and backward) from the injection point.

v.0.2 8/07 http://www.RDMiddlebrook.com 7
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A nonideal injection point gives a u, /u, that depends

not only on T, but also on the impedance ratio (looking

forward and backward) from the injection point.

A nonideal injection point also givesa H " that

is different from the desired H, :

v.0.2 8/07 http://www.RDMiddlebrook.com 8
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dB

90.0 | H H H
30.0|
-30.0
-90.0
-150

100 1k 10k 100k 1Meg 10Meg

frequency in hertz
v.0.2 8/07 http://www.RDMiddlebrook.com 9
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Reason for the difference in H" V:

M
Rq1k o
€ i, #0 z
+ P2 Y
QO =0
101§ vy=0 (2
_I_ —_—
. . vy 7]0
Again, 1, #0 so H 7 =—
€; v,=

but depends also on the opamp gain.

10

v.0.2 8/07 http://www.RDMiddlebrook.com
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An extension of the Basic Feedback Theorem is needed:

To setup H,, =1/K, the reciprocal of the feedback ratio,

both the error voltage v,, and the error current i, must
be nulled.

In the preceding example with injected test voltage e.,
the desired result H,, =1/ K was obtained because
nulled error voltage automatically implied

nulled error current:

v.0.2 8/07 http://www.RDMiddlebrook.com 11
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o Vo _ Hv y A superscript indicates
Y - the signal being nulled
1|y =
y
NN
R{1Kk
e €
1] P1 ~
C) R 1 . — . T
1
10 k% ’Uy =0 (2
+ —_—
v R
HY =—2-=10=20 dB
R4
v.0.2 8/07 http://www.RDMiddlebrook.com 12
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In a realistic circuit model, the injection point is not ideal
and the X terminal looks into a 2-port model that exhibits
noninfinite input impedance and nonzero reverse

transmission:

v.0.2 8/07 http://www.RDMiddlebrook.com 13
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H. = Yo _ Hvy A superscript indicates
> e; the Signal being nulled
( vy = 0,
UO =H ei
Ri1k , R, 10k -
é; >
o R~ | -
R;’ -t 1o &f v Rp
1
1ok 3P > ., 120k
+ _

When vy is nulled, the error current is not nulled, and

H, is not equal to R, / R;.

v.0.2 8/07 http://www.RDMiddlebrook.com
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A nonideal voltage injection point implies that

when vy is nulled, iy is not nulled.

A nonideal current injection point implies that

when iy is nulled, vy is not nulled.

v.0.2 8/07 http://www.RDMiddlebrook.com
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The 2GFT: The Final Solution
1+
H=H_ — =H_DD,,

1
1+T

To make H, equal 1/K:

What is needed is a way to null simultaneously both

the error voltage v, and the error current i,,.

v.0.2 8/07 http://www.RDMiddlebrook.com
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The answer is obvious:

Since

One signal can be nulled by mutual adjustment of two

independent sources (ndi, null double injection)

Two signals can be nulled by mutual adjustment of three

independent sources (dnti, double null triple injection).

v.0.2 8/07 http://www.RDMiddlebrook.com 17
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Therefore:
In the presence of the input signal e;,inject both voltage

and current test signals so that both the error voltage v,

and the error current iy can be nulled.

v.0.2 8/07 http://www.RDMiddlebrook.com 18
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H. = Yo _ Hiyvy Supe.rscripts ifldicate
Y the signals being nulled
y’ y ’Z]O — H y ei
Ryl R, 10k -
ei 1 — 0 ez l
+ y L X - .
R; - =] 77 4 |j ¢ éP H vo Rp
i
0k 920 D % . 120k
+ _

When v, and i, are both nulled, H,, is again equal to
Ry / Ry, the reciprocal of the feedback ratio K.

v.0.2 8/07 http://www.RDMiddlebrook.com 19
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The format of the GFT remains the same:
1+.1
H=H_ 'n

1
1+T

where now H, =H"", and T and T,, contain both

voltage and current loop gains.

Since the GFT and the EET are special cases of the
Dissection Theorem for a single injected test signal, and
the 2EET is a special case of the 2DT, it is to be expected
that the 2GFT for two injected test signals would have the
same format as the 2EET with impedance ratios replaced

by return ratios. http://www.RDMiddlebrook.com 20
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The 2GFT tells how to find T when both current

and voltage loop gains are present.

e
1 Z 1
s
© vy <1> Ox
Ui Jz

: vy iy vy iy
H=pgv?y T Tu Tui” Tio
1+ }) + } +Kd }, }

T.Y T.Y T.Y T.Y

i (4 i

where K; and K,, are interaction parameters:
(4 i (4 i

Y y Y Y

_ Ti _ Iy Li _ Ty

Kd Uy iy Uy iy
T. T, T : T,7%

1

uo = Hui

21



Interpretations:

: e
— ly C‘Zb 1x _b
i, =0 4
o CD O o
Oy - Ox _
ui vy =0 ]Z uo - Hul
uy, = Hou;
+ —_—
1,0 U, . .
H,=HYY="9 = ideal closed-loop gain
Uili v,=0
Yy
H"" is a double null triple injection (dnti) calculation,
which is even simpler and shorter than an ndi calculation.
v.0.2 8/07 http://www.RDMiddlebrook.com 22
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Interpretations:

e .
_ 1 = Iy
e 5
iy =T, "1y
o . CD - O o
uj 05 =0 P
+ —_—
v Ly . .
T; Y= 2L = short-circuit current loop gain
i
Yo, =0
0
T 7 is a null double injection (ndi) calculation,
which is simpler and shorter than an si calculation.
v.0.2 8/07 http://www.RDMiddlebrook.com 23
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Interpretations:

. eZ
— ly Q 1x _b
-/ A
Iy = - 1y
o CD : O o
v v
Ui J Jz 0 =0
u; = 0 r
+ —_—
1 ix [) () [
=7 = short-circuit reverse current loop gain
x 1
Ti Y v, =0
Oy . . o . . .
T;* is a null double injection (ndi) calculation.
v.0.2 8/07 http://www.RDMiddlebrook.com 24
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Interpretations:

- e
1 Z 1
- Yy m X _b
-+
iy =0 —/
0 iy <1> Uy
vy =T, vy Jz

(o
Uj
u,-=0
TiyEv_y
© O Ux
Yy

i

= open-circuit voltage loop gain

T’ is a null double injection (ndi) calculation.

v.0.2 8/07
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Interpretations:

: e
— ly f‘z\ 1x _b
NS/
1, =0
: . O
u; 1
! Jz Uy =0
u1 = 0 X Tlx y
+ — 0
L _ = open-circuit reverse voltage loop gain
T 0
v Yli.=0
T;x is a null double injection (ndi) calculation.
v.0.2 8/07 http://www.RDMiddlebrook.com
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Definitions:

e
1 Z 1
—. y vy Q X _b
iy =T; "1y
vy <1> ’Ux
=0 Jz
Yy
_l_ —

v.0.2 8/07
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Definitions:

e
i 4 i
—— Q X _b
— Tvy ]
iy =T, i,
o - CD - O o
Ui 02 =0 ]z g
_|_ —_
vy _ty iyt : sc
I,” ==  =short-circuit forward current loop gain =T, fod
bx vy =0
— ly 1x _b
__mSc
iy =T, fuwd 'x
o o, o
Ui v, =0
+ —_—
v.0.2 8/07 28




Definitions:

e
1 Z 1
—<—9 —5;
Iy = - ly
T.*
1
vy <1> ’Ux
]Z ’vx:O

(o,
Uj
ui =0
1 i,
Uy i
Ti Yly,.=0
v.0.2 8/07

= short-circuit reverse current loop gain
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Definitions:

e
1 4 Ly
- Y ) ol
Iy = T7x ty
o ® ’ © °
v . v
U; Y .
; ]z v, =0
u; = 0
h -
1 1 . . 1
—= X = short-circuit reverse current loop gain = Tis iev
Yx 1
Tz Yy V=0
_ S
Iy = Ti rev'ty
o © >
U; =
v 0
u; = 0 .
h -
v.0.2 8/07 >




Definitions:

e
1 Z 1
_ X
L) b
1y = 0
o C) ‘o)
i Uy iy J . Ox ©
i vy =T, vy Jz
u; = 0
+ —_
i (4 .. .
T, =—*| = open-circuit forward voltage loop gain
vx s
’y—O
v.0.2 8/07 http://www.RDMiddlebrook.com 31
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Definitions:

e
i z i
— .y Q X _b
1y = 0
o 0 . <1> 0 o O
uj o =TV ]z *
u; = 0 Yy v X
+ —_—
Tiy _y open-circuit forward voltage loop gain = T°¢
v = p & P8 =10 fwd
xli, =0
— 1]/ _b
1y = 0
°© ocC C °
U vy =T, fuwd Vx Ox
u,- =0
+ —_—
v.0.2 8/07 32




Definitions:

e
1 Z 1
_ X
L (Hy—" b
1y =
0 ®
Uu; Uy ; Ox 1
! Jz Uy =0
+ — 0
1 v .. .
—=-%* =open-circuit reverse voltage loop gain
X (Y
I, Yli.=0
v.0.2 8/07 http://www.RDMiddlebrook.com
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Definitions:

1 €z 1
— 7 (—+) - 0
iy =
Jz Uy =50
X 1, Y
+ — Tv

(o,
Uu;
ui =0
1 _ o
1,
T, Oy
(o,
Uj
u,- =0

v.0.2 8/07

= open-circuit reverse voltage loop gain = Tg iev
i.=0
1, =0
O o
Yy Ux _ TO¢
Ux = Lo revly
+ —
34




Summary so far:

1+11

The 2GFT: H = Hoo ln

1++
ls 1 + 1 + K 1 1
T TV TV T.Y T
1 (4 1 0

in which the second level TF T, the total loop gain, can be written in

terms of the newly defined third level TFs:

0. 1
T}y Ergi
Ix
i 0
Tvy _ Y
Ox
1 i,
v = .
I ly
1 _ Uy
qu,’é 80y

= short-circuit forward current loop gain = Tisjfw g
v,=0

— P - _ 0C

= open-circuit forward voltage loop gain =T fuwd
1,=0

— cCirettd . _ SC

= short-circuit reverse current loop gain =T,
V=0

= ircui 1 1 in =T,5

= open-circuit reverse voltage loop gain = 1y ;.
i =0 http://www.RDMiddlebrook.com 35
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11 1 11
— = e + +Kd
T Tewa Tofwa T v Tofwd

and the redundant interaction parameter K; is

4 i
K= Ti ’ _ Tvy K TS¢ TOC
d = 79 | Tix or d= szd irev = vfwd v rev
‘ v

1

In words, the redundancy relation says that

K product of short-circuit forward product of open-circuit forward
d = () = o
and reverse current loop gains and reverse voltage loop gains
v.0.2 8/07 http://www.RDMiddlebrook.com 36
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The expression for T discloses that nonzero reverse loop gain enters

only through K.

In the absence of reverse loop gain, T reduces to the forward loop gain

Tfpq given by

1 1 1 __ pSc
T - TS¢ + TOC of wad N Tif“’d
fwd i fwd v fwd

Ty fuwd

In words, T, is the parallel combination of the short-circuit forward

current gain and the open circuit forward voltage gain, and is therefore

dominated by whichever one is smaller.
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Now that reverse current and voltage loop gains have been identified,
a reverse loop gain T,,, can be defined:

1 1 1

sc
T Sc or Tyvev = T; rev H % rev
rev.  Tipey Tv rev

irev — 0 reo’

From the redundancy relation K; =T; %, Ti'reo = Ty frva T 1

Tiev can be written in terms of K; as

Tre 0 —

or
1 1 1 1
Kd T0C = They TSC TOC
i fwd v fwd i fwd v fwd
v.0.2 8/07 http://www.RDMiddlebrook.com 38
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Finally, by substitution for K; in terms of T,,,,, the total loop gain T

1 1 1 1

1
? TSC + TOC + Kd TSC TOC
i fwd v fwd ifwd “vfwd

becomes
1 1 1 1 1 1+T
T - TSC + TOC + Ty TSC + TOC - T e
ifwd vfwd ifwd Tvfwd fwd
or
1_1+Lw
T wad
or
__tfwa
1+7T,,,
v.0.2 8/07 http://www.RDMiddlebrook.com
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A 1975 paper* showed how the loop gain could be found by combining the
current and voltage loop gains obtained by simultaneous injection of

current and voltage test signals at a nonideal injection point. That result is

actually Tfyq = Tifpq |Tpfwa Obtained above.

However, the 1975 paper was based on a model that excluded nonzero
reverse loop gain, and so the exact 2GFT result can be considered an

extension of the previous limited result.

In summary, the total loop gain T given by the 2GFT is
_ Tfwa

Tz())jc‘wd and Tiev = Tisiev HTg ‘;fev

where wa q= Tisﬁw q

"R.D.Middlebrook, "Measurement of loop gain in feedback systems,'

Int. J. Electronics, 1975, vol. 38, No. 4, pp. 485 —512.
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The 2GFT also tells how to find T,, when both current

and voltage loop gains are present.

_ Iy

0
u; Yy ]Z Ug = Hui

: vy iy vy iy
H=gvy T i L e
1+ 1 4 } +Kg; 1 }

T.Y T.Y T.Y T.Y

i (4 i

where K; and K,, are interaction parameters:
(4 i (4 i

Y Y Y Y

_ Ti _ Iy Li _ Ty

Kd Uy iy Oy iy 41
T. T, T : T,7%

1




The four T,,'s are defined in the same way as the four T's, except that the

input u; is restored and the output 1, is also nulled.

i i
— y m X
c) 0
o 0, CD v, O o
Ui Jz "o 0

The four T,,'s are double null triple injection (dnti) calculations, as is H s

which are even simpler and shorter than ndi calculations.

Since the structure of the null loop gain T,, is exactly the same as
that of the loop gain T, the discussion for T' can simply be repeated

for T,, with the extra modifier "null", as follows:
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Discussion of the total null loop gain T, :

1+ 4
T,
The 2GFT: H=H, 7
1+ 4
1 1 1 1
~ TS¢ + TOC + Ky
L, ni fwd no fwd 1 fwd nv fwd

in which the second level TF T,,, the total null loop gain, can be written
in terms of the newly defined third level TFs:

v, 1
T m.y = l = short-circuit forward null current loop gain = Tst ni fod
bx 1o, Uy =0
b £ 11 voltage 1
T, = — = open-circuit forward null voltage loop gain = T o fuod
Y lug,i,=0
1 iy . : sc
= = short-circuit reverse null current loop gain=T -
x 1
Tm Y Uy ,0,=0
LI - open-circuit 11 voltage loop gain = TS
= = open-circuit reverse null voltage loop gain=T,;; .,
Tnv y uorix=0 http://www.RDMiddlebrook.com 43
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1= 1 N 1 K 1

+
Ty Tpifwd Twofwd  Tnifwd Tuo fwd

and the redundant interaction parameter K, is

v i
Yy Yy
Tni _ Tnv

Uy i
: x
Tnl Tnv

sc sc oc oc
Ky = or Ky =TyifwdTnirev = Tno fwd Tnv rev

In words, the redundancy relation says that

K product of short-circuit forward product of open-circuit forward
n = . — .
and reverse null current loop gains and reverse null voltage loop gains
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The expression for T,, discloses that nonzero reverse null loop gain enters

only through K,,.

In the absence of reverse null loop gain, T,, reduces to the forward null

loop gain T, s,y given by

1 1 1 SC oc
= + or T, ¢0a =T, fvd | Tho fuwd
Tufwd  Tuifwd Tiofwd feod = Tnifeod [T feo

In words, T}, 4 is the parallel combination of the short-circuit forward

null current loop gain and the open circuit forward null voltage loop gain,

and is therefore dominated by whichever one is smaller.
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Now that reverse current and voltage null loop gains have been identified,
a reverse null loop gain T}, ,,, can be defined:

1 1 1
+

_ _ 7S¢ oc
T — Tsc¢ TOC or Ly rev = Tm rev HTnv rev
nrev ni rev no rev

From the redundancy relation K, =T,ff fwd T,ff rev =T05 fwd

T, ;v can be written in terms of K, as

K,
Lyvev = T5¢ TOC
ni fwd + *nv fwd
or
1 1 1 1
K; TS¢ TOC =Ty rev TS¢ + TOC
ni fwd “no fwd ni fwd no fwd
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Finally, by substitution for K,, in terms of T}, ,,,, , the total null loop gain T,

1= 1 1 K 1

+ +
Ty, Tyifwa Twofwd " Tuifwd Tao food

becomes
1 1 1 1 1 1+T
T— = TSC + TOC + Ty vev TSC + TOC = T T
n ni fwd nv fwd ni fwd nv fwd n fwd
or
1 1+T,,0
Iy Ly fwd
or
~ Taufwa
=
1+ Ty rew
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In summary, the 2GFT in terms of the newly defined TFs is

1+ Tl
H=H_ 1" where
1+4
H, = H""
. TfZ/Ud . h. h T . TSC TOC d T _ TSC TOC
14T 1n whic fwd = Lifwd |'vfwd a0 rev — ‘i rev|"'v rev
rev
Iy fwd
. . sc oc sc oc
14T in which Ty, fpd = Tyj v | Tnw fwd @04 Ty ey = Ti rev HTnv rev
nrev
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Reminder:

1+
T 1 T
H=H +H =H " - H,DD
°1+T V14T °°1+% TN
.  Hy T
Redundancy Relation: — =%
Hy T

In order for the definitions of the four second-level TFs
to have the following interpretations
H,, = ideal closed loop gain
T = principal loop gain
H, = direct forward transmission

T,, = null loop gain 49



it is necessary that the Test Signal Injection Configuration

satisfy two conditions:

1. The test signal u,, (e, and/or j,) must be injected

so that u, (i, and/or v,) is the error signal.

2. The test signal must be injected inside the

major loop, but outside any minor loops.

v.0.2 8/07 http://www.RDMiddlebrook.com 50
13. DNTI & the @GFT



Inverting Opamp with nonideal injection point

%0
—\W\ A , —<
Rll k R2 101( _
€; e
+ P2 . Pl
O ® —= @ — 1 *1* (2 RL
R 0, %} 2 §Ri o s
. X =
10 k N | iz I_ . 120 k
Inject both a test voltage and a test current
1+
H=H,—"
1+
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H, =2o _ g%
ei . _ .
1y ,0y=0 v, = Hlyvy e,
—AAA NN ' —<<
Ry1 ki R, 10k | -
€; €
+ P P1
O —=< — O@ ’ i> 1 * (2 RL
% v AD vngi Bl §120 k
0k 30 il i
. R )
HY"Y =—2_-10=20 dB
R4
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1 _ 1_ - ifwd
*le,v,=0
—AAA AN —1—<
Rll k sc . R2 101( _
e; =0 py Ty =Lifuatx P1
? & SRR R ANES P ) Pog ML
. X .
10k o -0 Uxg [ B 120 k
V¥ — ‘ +
- =
TSC — R S L
i fwd i&m ( )RL"'RZ
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1 0
TY =Y — T0C
v v.| v fwd
ej,1y=0
—AA MWV —1—<
Rll k R2 101( _
;=0 p P1
O —<— o—> —o—|+ o | R
R: 1, = 1y T R: 0 L
i ocY 0 i |&ds
10k Yy =vawdvx x§ ‘ +j120k
+ —_
- =
TOC — S L
vfwd gm( )RL+R2+R1 1
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1 i
T0s Eil =T} e
1 yvxz
—AAA MWV —1—<
Rll k R2 101( _
. _T'SC .
e;=(Q p Iy = Lirevly pq
R B 1 - L
, ’ Yx = r’ & 120 k
+ —_

v, =0, and because there is no reverse current loop gain,
. _ .SC _

v.0.2 8/07 http://www.RDMiddlebrook.com
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1 (0,

Tix va ETZ?(;fev

0 y1x=0

—AAA AN —1—<
Rllk R2 101( _

e; 40 p Iy = P1
O — <% —> o+ v, L R
R' 1y + R (0] L
i - o = TOC o S &nlS
10 k ] X v rev ‘ . 120 k
+ —_—

i, =0, and because there is no reverse voltage loop gain,

v, =0 so Ty, =0.
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Finally,

T'typa
1 +f;{_;ev Where TTBTJ = T reo HTZ? (;/'e’v =0 y
so I = Tﬁvd = Tzs]gwd Tz?j(‘:’wd
Ry

T(0) = g, (0) (Rq |R;)=92=>39.2 dB

Ry + Ry + Rq |R;
which is the same as T,(0) obtained from single voltage

injection at the ideal voltage injection point P1.
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1
Yo, ,0,=0 v, =0
—AAA MWV —1—<
Rll k R2 101( _
e; i, =T i
e P Y~ Tnifwd™X P1
O —<—< —>—— + v, L Ry

Ox

—o—
R:
0 if’ . 20k

% 3 —

Because v, and v, are both nulled, there is

no currentin R, or Ry ,so i, =0 and

sc _
i fwd =
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"o T nofwd
Vo sty =0 v, =0
—AAA MWV —1—<
Rll k R2 101( _
‘il p P1
O — .<_<>0 1 v, | Ry
10k o, :+Tnvfwd7’x B ‘ N 120 k

oc
Loy fwd = 8m (s)R;
Tyf rev and Ty ., are both zero for the same reason

that T;j., and T,¢,, are zero: there is no reverse current

or voltage loop gain. |
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Finally,

_ Tufwa
1 + Tl’l reo

_ SC oc _
n where T, ..., = T,j e HTnv rev =0

_ __ mSC ocC
50 Tn - Tand — Tni fwd Tnv fwd

However, T : fiwd =% SO T,=T, fwd

Ty = 8m()Ry

which is the same as T,,, obtained from single voltage

injection at the ideal voltage injection point P1.
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Intusoft ICAP/4 Circuit Simulator with GFT Template

GFTv
+ O
@Ei Vo Uo
L o
—-IY Iy Ix X [|=
\;{y Ezéi\lz +\-/X
W
MN MN <
Ry1k R, 10k
P2 P1
® RL

R;
. 10 k I—

Performs coupled currrent and voltage injection

=+

at the same nonideal point P2 61



dB

90.0
- sc
30.0 TOC Tifwd
-30.0 /
-90.0 _ pScC oc
Trwa =15 gpg HTv fowd
-150 TTBTJ =0,s01 = TfZUd

100 1k 10k 100k 1Meg 10Meg 100N
frequency in hertz
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dB,

90.0

- oc
00/ Ly fwd \
-30.0

| 1
-90.0 =, 50 T T,

| mfwd n fwd = Ly, fwd
"L Turev =0, 80 Ty =Ty iy

100 1k 10k 100k 1Meg 10Meg 100N
frequency in hertz
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dB

frequency in hertz

90.0

: H
30.0[ 00
-30.0

g T
-90.0}
-150 /T

100 1k 10k 100k 1Meg 10Meg \

Results are the same as for single voltage injection

at the ideal point P1
v.0.2 8/07
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An injection configuration is defined by which test

signals are adopted, and where they are injected.

Different injection configurations produce different
sets of second-level TFs, but each set combines to give
the same first-level TF H.

Therefore, the choice of Test Signal Injection
Configuration is crucial in making the second-level TFs

H,, T, T, have the desired interpretations.
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Basic Inverting Opamp

Identify error voltage v, and error current 7, :

o =
: b 2
- _ Note box,
<+> Uy + not
e arrowhead

H,, = ideal closed-loop gain = H'V"Y =

(Requirement 1)

v.0.2 8/07
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Identify v, drive to the forward path, and hence where

e, is to be injected (Requirement 2):

_E | M—
Z1 |i, ©z Z)
Yy f‘_p
-  ~4+| | Notebox,
C+> %y Ox + not °
e arrowhead v, =
He,-
+ - e
When v, is nulled, is i, automatically nulled?
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If not, identify i, drive to the forward path, and hence

where j, is to be injected:

_E | N |
Z1 |i, ¢z Z
D .
- | ~+ Y Note box,
e CD arrowhead v, =
]z Hei
+ —_— —_—
O
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Basic Noninverting Opamp

Identify error voltage v, and error current 7, :

Note box,
_ not o
arrowhead +
Z,

— Yo =
+ - 1 :
+ Uy Y Zln Het

Qe I

Zl + Zz

H,, =ideal closed-loop gain = HYYY — -
1

(Requirement 1)
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Identify v, drive to the forward path, and hence where

e, is to be injected (Requirement 2):

Note box,
+
(o not

1 arrowhead +
Z,
€ Vo =

When v, is nulled, is i, automatically nulled?
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If not, identify i, drive to the forward path, and hence

where j, is to be injected:

Note box,
. Uy + . not o
j arrowhead T
X
Z;
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Despite the apparently different layouts, both the Inv
and Noninv configurations are the same, except that

the reference node for the output voltage is different:

| p— | | p— |
e—— e——
Zy |i ¢ Z,
| 7 D .
Noninvy - | ~+ Y Note box,
O C+> Oy (2 N noth o
vy 1€ CD arrowhead o
]z o
+ — He;
0
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I—III e——
Zl 1 € ZZ
| D
Noninv | - | ~+ Y Note box,
N +> Oy Ux |, not ©
e le: CD arrowhead o
Jz o
+ — He;
0
1+ 1 1+
TnInV TnNoninv

HInV = HooInV HNoninV = HooNoninV

1 1
1+ 1+
The principal loop gain T is the same for both;

The amplifier CM gain affects T, Noniny, Put does

not affect H ;Noninv» Holnv s Ininv, O T- 73



SUMMARY

History of the conventional approach

The GFT: The Final Solution approach

v.0.2 8/07 http://www.RDMiddlebrook.com
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Analysis History: Replace the boxes with arrowheads:

v, = He;
O
+
+
€
)
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Spotlight the loop gain:
Op = He,-

)

Development chronology:
1. Disconnect the feedback path, calculate A and K separately: ignores loading

2. Inject test signal where there is no loading (ideal injection point)

3. Inject coupled test signals (nonideal injection point)

Result: reverse transmission is ignored
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Alternative: set up the forward and feedback paths

as 2-port networks: v, = He;
— 1+ h | i
—&@X ® O]
€

qD 1 h f |
® O® Q

ol

This requires four different sets of 2-port parameters for
the four feedback connections, and it's still not clear

how to account for reverse loop gain.
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Disadvantage:
The model itself is inaccurate, in three of the four

connections, because common-mode gain is ignored.

Greater Disadvantage:

Essentially useless for design, because the circuit
elements are buried inside the 2-port parameters,
which are themselves buried in expressions for

closed-loop gain and loop gain.
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WHAT THE GFT DOES:

Defines and calculates the Principal Loop Gain

Identifies and calculates nonidealities
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The GFT Approach: the Final Solution

’00 = He,-

¥ Jz Note boxes, ¥
- =

9

not

arrowheads

ol

Inject coupled test signals at error summing point.
The GFT gives all the second-level TFs directly

in terms of the circuit elements.
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HOW THE GFT DOES IT:
1+ T

1
1+T

H=H_

The Test Signal Injection Configuration is chosen to

meet the following criteria:

1. The test signal(s) must be injected at the error summing
point. This makes H,, equal to the Ideal Closed-Loop
Gain 1/ K, the reciprocal of the feedback ratio.

2. The test signal(s) must be injected inside the major

loop, but outside any minor loops. This makes T represent

the Principal Loop Gai
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1 plus 2 makes the Null Loop Gain T,, represent all the
nonidealities, including:
forward transmission through the feedback path

reverse transmission through the forward path

If T,,>>1, the nonidealities are negligible.
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Injection of both voltage and current test signals at a
nonideal point includes, as special cases, injection of
only one test signal at an ideal point, so you don't have
to know in advance whether or not the injection point

is ideal.
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Benefit:

Results include reverse transmission in both forward
and feedback paths, and thus include reverse loop gain.
Approximations are easily made, if desired.

Benefit:

All four second level TFs H,, T, T,,, Hy are
produced, either numerically by Intusoft ICAP/4 GFT
Template, or symbolically by ndi and dnti analysis.
Benefit:

The second-level TFs combine in the GFT to produce

the first-level result, the closed-loop TF H:
T
+ HO 1
1+T 1+T o

H=H,



This result fits the block diagram:

e R HeT @

-+

e

-+

uo = Hui

1
Ho,

v.0.2 8/07 http://www.RDMiddlebrook.com
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Greater Benefit:
Thus, the block diagram, with unidirectional blocks,
is a result of simple and straightforward exact

calculation, not an initial assumption.

Greatest Benefit:
The second-level TFs H.,, T, T,,, Hy are obtained
directly in terms of the circuit elements, which makes
it possible for the results to be used backwards for
design. This is the principal objective of
Design-Oriented Analysis:
the Only Kind of Analysis Worth Doing.
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EXAMPLE

14. A 2CE/S FEEDBACK AMPLIFIER

A 2-stage Common-Emitter/-Source Amplifier
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i
i §1OO k 25 Q%
: )
=G ; ol
& 2
Tos p
e N/ il | v,
MW I i For FETs, a=1 —<
10Q ¢, Q§
Rz § 9 k
€; . .
. RiZ1k
With Cp, T should have a pole and a
= rhp zero =
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An ideal test current injection point is at the output of

the first stage:
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e; '
~ Ri21k
With C,, T should have a pole and a

v.0.2 8/07

i
N 3100 k 25 Q%
)
1lc, A
<1 0.5 pP* 2
l v o x
P41 _T_ Y
A'A'AY T il - —<
10Q 5, Q§ loop gain: Rob ol
i, 22
T - .
lx ei=0

rhp zero
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dB

60.0 |
z T
]

-60.0

-120

-180 |

100 1k 10k 100k 1Meg 10Meg 100Meg 1G 10G
frequency in hertz

With C,: "right" answer
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= .
i §100 k 25 Q) %
. )
=C Fai
1 ‘ To.5 p'@T 2
Cl l ly C lx
10p: Bai l |
P T Op
M i - —<
10Q ¢, Q§ 1 loop gain: R )
. 9
i E:
T -
lx e,-=0

e; '
~ Ri21k
With Cy and Cy, T should have two

= poles, a rhp zero and a lhp zero -
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dB

60.0 ‘ T‘
deg

o]; —= —
-60.0
-120
-180

100 1k 10k 100k 1Meg 10Meg 100Meg 1G 10G

frequency in hertz
With (7 and G5 : "wrong" answer
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Why?
In the presence of C,, the selected test current injection

point is no longer "ideal", and in fact there is no ideal

injection point for either a test current or a test voltage

A 1975 paper showed that successive injection, at a
nonideal point, of current and voltage test signals to
give T; and T, could be combined to give the correct

result for T :
1 1 1 ;T, -1

= + or T=
1+T 1+T1; 1+7T, 2+T; + T,

"R.D.Middlebrook, "Measurement of loop gain in feedback systems,"
Int. J. Electronics, 1975, vol. 38, No. 4, pp. 485 —-512. 8



The same paper also showed that simultaneous injection

of current and voltage test signals, adjusted to give the
short-circuit current loop gain Tivy and open-circuit

voltage loop gain Téy could be combined to give the

correct result
1 1 1
T " by
Ti T,

The advantage of this method is that the ndi calculations

of Tivy and T;y are symbolically simpler and easier than

the si calculations of T; and T;,. 0



Nevertheless, the conclusions of that paper were
incomplete, because the nonidealities were still

ignored.

The 2GFT includes the nonidealities, and gives the

correct answer for T :

v.0.2 8/07 http://www.RDMiddlebrook.com
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—
i §100 k 25 Q%
2
1c .
2 Qa1
o B
Cl o 11‘ vy 3/ C X vx
10 p=F Y + i — v,
100 § g ) R
50 Q2 R, § 9 K
€; . [
Coupled voltage and current injection Riz1k

— at a nonideal point




dB
60.0[

deg

-60.0

"right” answer

\

-120

-180

100 1k 10k 100k 1Meg 10Meg 100Meg 1G 10G
frequency in hertz

The "right" answer (T has two poles, a lhp and a rhp zero)

is obtained by coupled voltage and current injection
12

(GFTv Template) at a nonideal point.



But, there is another problem:

dB : " ron " n r
deg
OF ¥
? H
-60.0
-120| hase
z P . 187°
i margm
-180 | —V—
100 1k 10k 100k 1Meg 10Meg 100Meg 1G 10G
frequency in hertz
H,, is not equal to 1/K
v.0.2 8/07 http://www.RDMiddlebrook.com 13
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Why?

The test signal configuration meets the first criterion,
that the test signal must be inside the loop, but it does
not meet the second: the test signal must be able to

null the error signal.

Therefore, choose a test signal configuration that meets
the second criterion as well:

v, must be the error voltage, and

iy must be the error current.

Coupled injection must be used, since v, and 7, do not

null simultaneously with only single injection.
v.0.2 8/07 ttp://'www.RDMiddHebrook.
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€

V.

-+
i §100 k 25 Q%
)
1¢; bai,
1 0.5 pT
Cq 1.
10 p=r % a1 (8
100 g [
50 Q% | R, § 9 I
_ Uy 4+ +1x
O
0) S |
. 1
T Oy y Ri31k
Select: GFTv Template
/07 http://www.RDMiddlebrook.com — 15
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Check that H,, is the expected 1/K =20 dB:

14. 2CE/S Feedback Amp

dB;

80.0}

40.0 | H
i HOO
- ——

O \ x
-40.0 T
-80.0

100 1k 10k 100k 1Meg 10Meg 100Meg 1G 10G

frequency in hertz
T and H are still the same
v.0.2 8/07 http://www.RDMiddlebrook.com 16




80.0|

40.0
0
-40.0
g __ mSC oc '
.80.0 Trev =15 ven HT’U rev
100 10k 1Meg 100Meg 10G
frequency in hertz
Ttypa . oc
= , and since T fwd > land T,,,<<1,
T~T. http://www.RDMiddlebrook.com 17
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T

- n

: _ SC
T"f'“’d =L fwd H no fwd

80.0 x
1

O _
-40.0
i _ 7TSC ocC
_ i Tn rev — Tm rev HTnv rev
80.0|
100 10k 1Meg 100Meg 10G
frequency in hertz
= Tnfw a and since T >>1and T <<1
n-— s d nrev ’
1+ no fw
nrev
T, ~T. http://www.RDMiddlebrook.com 18
n ni fZUd 14. 2CE/S Feedback Amp



The component H,,D of H=H_ D+ HyD) :

dB
80.0
40.0 H
i H,.D
-40.0 | D
-80.0
100 1k 10k 100k 1Meg 10Meg 100Meg 1G  10G

frequency in hertz

It may be thought that the peaking in H is due to

insufficient phase margin, but in fact it comes from HO :
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The component HyDy of H=H, D+ HyD, :

dB;
80.0
40.0 H,
0 / / ¥
-40.0
-80.0
100 1k 10k 100k 1Meg 10Meg 100Meg 1G 10G
frequency in hertz
v.0.2 8/07 http://www.RDMiddlebrook.com 20
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Both components of H=H, D+ HyD, :

dB
80.0
40.0 H

; /"'\¥

| H_D

-40.0 |
-80.0

100 1k 10k 100k 1Meg 10Meg 100Meg 1G 10G

frequency in hertz
v.0.2 8/07 http://www.RDMiddlebrook.com 21
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The first-level TF H can be a current gain,

transadmittance, transimpedance, or a voltage gain.

As applied to an output impedance Z,, whichis a

self-impedance, the GFT becomes

T 1
Zo=Zpy——+7
0= o4 0T

The "output" is v, as for voltage gain, but the

"input” is now a current j; driven into the output.

v.0.2 8/07 http://www.RDMiddlebrook.com
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= :
" §100 k 25 Q
)
T C2 % a iz
—| 0.5 pT
C1 L. R
10 p=r 7 a1 Vo =2yJi
50 Q% | R, § 9 I
- Ux 4+ +’x ;
O Q]z
(0), — } N~
vy =y Ri31k
Select: GFTh Template

23



For voltage feedback, as in this example, Z,, is

always zero, so

1
1+T

Zo = ZoO

which is the familiar result that the closed-loop output
impedance is the open-loop value divided by the
feedback factor.
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dB

80.0

40.0

-40.0

-80.0

100 1k 10k 100k 1Meg 10Meg 100Meg 1G 10G
frequency in hertz

The closed-loop output impedance Z, rises to the open-

loop value Z,, as loop gain crossover is approached.
v.0.2 8/07 http://www.RDMiddlebrook.com 25
14. 2CE/S Feedback Amp



EXAMPLE

15. A REALISTIC IC FEEDBACK AMPLIFIER
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Example 1: Noninverting Amplifier with nonflat H,

-
2 N R -1
g |t s
l@?m “3 “)
Cc
R8 —
%Rs rgz:)lk glomeg 2P
100 uo
ul -1
= _ =
X +
G/@ VX +3\X R2
T Wt - 900 RL
+ vy _\LY |y AVAVAY, 1k
R1
. 100
Expectation:
R + 1 + R - 1 + 1 -
17sC; 772 Ri+Ry sC1{(R{+R,)
Hoo = Ri+-L 1+ -1
1 SCl SClRl

VL



—
§R3 rm2 Biwva) IQivay
200 200
. 3 rm4
wg | sw| Em
l@?m “3 @
. Cc
Rs rg;i glomeg 2P
100 ' ~uo
ul 1 VL
A _ =
IX__+
6/9 - VX +3\X R2
T Wi R ) 900 RL
+ vy "LY |y NV 1k
R1
. Cc1 100
Expectation: 160u
S =
T should be flat at low frequencies, with a small shelf due to Cq,
3

plus a dominant pole due to C,.



200

. rm3 rm4
V2

§R3 rm2 Biva) Qivay
200

: GFTv
il e : :
+ O—
_[ e u 8 | Cc
—IY I | X 1= R8 —T20
Rs rml 4 5 —/ glome; P
100 .05k \-/ Ev +
ui Y O
yu xgft —
i+ W GFTv -
G@ _ VX X R2
+ ~
Wh 900
> ' AN
+ vy Ly iy
R1
C1 100
160u

N
This Test Signal Injection Configuration

meets the two requirements



The expectations are borne out:

deg dB
270  80.0F
T
90.0  40.0| H_,
90,0 . 7\ \
T crossover 5.6MHz /T
_-270  40.0}
-450 -80.0|
100m 10 1k 100k 10Meg 1G  10(
v.0.2 8/07 http://www.RDMiddlebrook.com
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The discrepancy factor D should be flat at 0dB at low frequencies,
with a dominant pole at the T crossover frequency, beyond
whichT=D:

deg dB;
270  80.0}
90.0  40.0
-90.0 0
270 -40.0
450  -80.0

100m 10 1k 100k 10Meg 1G 10

v.0.2 8/07 http://www.RDMiddlebrook.com 6
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The null discrepancy factor D,, would be 0dB at all frequencies,

deg dB;
270  80.0f
: D
90.0  40.0} /—”
-90.0 of
] D,,
- -270  -40.0|
T,, crossover 8GHz
450  -80.0f}
100m 10 1k 100k 10Meg  1G 10(

but the nonideality direct forward transmission through the

feedback path causes D,,, above the T,, crossover frequency,

to rise. http://www.RDMiddlebrook.com 7
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Assembled results:
The closed-loop gain H follows H,, up to T crossover, then falls

with D. However, H levels off above T,, crossover:

deg dB;
270  80.0
90.0  40.0 JH
-90.0 0 s
270 -40.0
| f T,, crossover 8GHz
450  -80.0|
E ERRIN Co il EERI ol RERRIN ol ol Co il ol H(X)D
100m 10 1k 100k 10Meg 1G  10(

The nonideality is negligible.
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Same basic circuit, but many device capacitances included:

Cat

~a lcod * X 50p
T 16 rm i(v3) L i(V4
gzoo P 200 va) L [Qiwva
Liv2) é rm3 rm4
' Tecr [ S0 10
o5p 1 Cc3 1 ca
Ui GFTv Uuo 30 ) 16 p+
/— + o—1—
ct1 ) .
5p l@i(V1) @EI Vo Uo V4
T _[ " C 1 Rg o Cc :
—IY I | - T
icm m1 = f° Y x X - § Tomed 10p
Rs—T=30p .05k - +
ui +0 W . ¥
+ z -
xgft —
A T(@f W GFTv -
Q@ _ VX +X R2
T : - 5
+ vy -Ly iy
R1
c1 100
160u

VL

RL
1k

These cause additional nonidealities: reverse transmission in

the forward path, and nonzero reverse loop gain.



R3
200

| cod T
— 16p rm2

200

Cctl

1

== RE == o
i01d rm1 /;Y ly x X glome—;_ 10p
§ Rs— 30p § 05k = .
. 100 Vy Vx
ul + LM - 1
1| GO w i
Q@ - VX +X | R2
W ) 900
> , A
+ Vy '\LY |y
c1
160u
Expectations: L

T crossover is lowered ; high-frequency T is more complicated;

ui

l@ i(Vl)/—

ui O

GFTv

+ O——
Vo Uo

| iv2)
[ ct2 éT

5p

Qiva) -

— 30

C3

rm3
50

| C4
— 160p

V4

phase margin is lowered

L |Qiva)

rm4
10

uo

RL
1k

10



! 1 1
1 C4t =
R3 lcod * X 50p
T 16 rm i(v3) L i(V4
§ZOO P 200 l V3) L= l (V4)
1 i(VZ)é rm3 rm4
| Ter [ S0 10
op 1 C3 1 ca
Ui GFTv uo 30 ) 16 p+
f— + O—4+—/
Ct1 . .
5p l@i(V1) @EI Vo Uo V4
T _[ " C 1 g Cc .
—-IY I | - T1
lCld rml ,— | y x X [~/ glome; Op
Rs——30p .05k - +
+ Jz - t
' xgft —
. ' ix< >+ W GFTv -
Q@ VX +X R2
[ .- " .
+ vy -Ly iy
R1
C1 100
160u

N

To retain about the same crossover frequency of 5.6MHz,
C. has been lowered from 20pF to 10pF.

11



deg

90.0
-90.0
-270
-450

-630

v.0.2 8/07

dB

300 T?:
- lﬁUdTOC
| v fwd oc
40.0| /vawd
of SC
f /T fwd
-40.0}
- T TSC H
-80.0 fwd = fwd
l0om 10 1k 100k 10Meg  1G  10C

frequency in hertz
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The expectations are borne out:

deg

270
90.0
-90.0

- =270

-450

v.0.2 8/07

dB |

80.0

40.0

-40.0 |

-80.0|

T crossover 5.4MHz

100m

10

1k 100k 10Meg 1G 1&
frequency in hertz

http://www.RDMiddlebrook.com
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Beyond T crossover, D =T and therefore is also more complicated

deg dB;
270  80.0|
90.0  40.0} H,
-90.0 0 - \‘\
: T crossover 5.4MHz
270 -40.0}
450  -80.0|
100m 10 1k 100k  10Meg  1G 1&
frequency in hertz
v.0.2 8/07 http://www.RDMiddlebrook.com 14
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The T,, crossover is drastically lowered from 16GHz to 82MHz:

deg dB;
270  80.0|
90.0  40.0f
-90.0 of ~
| Dy (N—
. 270 -40.0| /Dy
; T,, crossover 82MHz
450  -80.0|
100m 10 1k 100k  10Meg  1G 10(

frequency in hertz

Even though D,, is approximately 0dB at both low and high

frequencies, it undergoes a complete phase reversal 15



The major effect of the additional nonidealities is to cause @ to

fall off much more rapidly, ‘

deg dB;
270  80.0
90.0  40.0
-90.0 0 T crossover 5.4MHz
270  -40.0
; T,, crossover 82MHz
450 -80.0| / H

100m 10 1k 100k 10Meg 1G 10(
frequency in hertz

and it is now asymptotic to -450° instead of to 0°!

The transient response is therefore strongly degraded.
16



Step response:

1.40|
1.00|
600m |
! 500/0
200m |
i 1/2xz *5.4MHz) = 30ns
-200m | /
20.0n 60.0n 100n 140n 180n
time in seconds
v.0.2 8/07 http://www.RDMiddlebrook.com 17
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Add step response with C, only:

140
1.00 |
oo | (1-1/e) = 64%
| 50%
200m
1/ * 5.4MHz) = 30ns
-200m | /

time in seconds

v.0.2 8/07 http://www.RDMiddlebrook.com
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20.0n 60.0n 100n 140n

180n

18




EXAMPLE

16. A DESIGN SOLUTION TO DARLINGTON
FOLLOWER INSTABILITY
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Example 3: Darlington Emitter/Source Follower

The Darlington Follower is known to be unstable

for certain values of load capacitance.

The Design Problem is to select a damping
resistance so that the Follower is not only stable,
but has a maximum peaking , regardless of the

load capacitance.
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T
10 i1= 1 is
0 sC1mq

— 7, =
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with effective S =

The "reflection” process works

1 .
SC11"1 ’
R 1
+1 =
1+ ﬂl SCl
5



1+ 1 T i1= ig
sC1n

The "reflection” process works

. . _ 1 .

with effective f; = sCyr -
— 7, = Rs +1 1
1+ ﬂl SC1
- o
7 _ R, tsC, _R; (rl +SC1RSr1) _ R (r1 +sL)
0= = =
1+ Sclm R, +sC1R.n R, +sL

where L=C{R;ry. If R, >> T,
v.0.1 3/07 http://www. RngllddIebroo com
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Z, =~ R H(”l + sL)6



—((Q)—

L; E %RS +— Z,~R|(r +5L)
©

©
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O)—
(=Y

in= 1
0 2" sComy
The "reflection” process works Iz
. . 1 ]
with effective f, = sCoty °
(1+ 1 Jl Y
1 1+ sC
Zi = + ﬂZ — 212
sCy sCy !
Cr T
& =||
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O)—
(=Y

0 izzsczfz :
The "reflection” process worksyx’; )
with effective f, = sClzrz :
(1+ 1 Ji b
C
Z;= ! +1+'82—> 22
sC, s(Cg ! <
Cr T
& 1T
1 1 1 1
Z; = + 1+ =—-— Rneg
sCy, sCy sCory ) sC
1 1 1 1

V.X\lrg}(gre C Cy T I@Z‘éww%ghﬂddlebg%gg =
16

2
. Barlington Follower Instability 1) CZTZCL
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O))—

N\

1
0 2
)
r
Co
1 "R C
Li=—- Rneg — i
sC t
o e
Cr |
& | |
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R‘\N\, C
5] -
ne
L R, § =
C; T
I
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A detailed analysis can be done with the DT/CT

. 7
— AY ni
Avlz - Avlz 1+ %
1

The null return ratio Ty; =i, /i, is an ndi calculation with the

v,=0
output v, nulled. If v, is nulled, so is i, , so T,,; = .
This implies that T,,; is infinite unless the signal can bypass

th‘éliﬁ‘j’éction point. http://wva.RDMiddIebrook.cqr_n 13
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Zol
Zi>

Vo=Ay126;

+
eicl)

Nulled i, means that the A;; box is unloaded, so the input voltage to the

Ay» box is the open-circuit (oc) output voltage of the A,; box. Thus

1y oc
Ale = Alevz AlSO, Ti = Zi2 /Zol,
1
v.0.13/07 so the DT beCOmﬂﬁ://wﬁwIﬂDHidﬂ}gﬁr&ing 15
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ng

tz.,
;Ziz
. A <
el 722_=
AYi{=1, A,p=1, so

H=A7,12_L_D where T=T; = Zi2

1+ Zol

v.0.1 3/07 httl//www RDMiddlebrook.com
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We can figure out a lot about T before doing a

simulation.

Z,1 has two poles, because it has two capacitances.

By "mental frequency sweep,"
Z51(0) =1y, Z1(0) = Ry

Since Z,q is flat at zero and infinite frequency, Z ;

must have two zeros as well as two poles.

Also, Z;, = 1

SCL

Therefore, T = Zi2 has three poles and two zeros.

v.0.1 3/07 Z()ﬂttp://WWW.RDMiddIebrook.com 17
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dB

1wo|l': Cp=1p loop gain H T D
: crossover = =
degr\/ frequency 1+T
60.0 | ‘\‘
-60.0 -

ol L N\ T

\_~

-300 Emax =244

10k 100k 1Meg 10Meg 100Meg 1G 10G
frequency in hertz

The phase margin ¢ is positive, so the Follower is

stable. However, O, dS small, so H has a large peak.

/iwww.RDMiddleBrook.com
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For design, Cy is to be considered a variable.

Examine the effect of C; upon T=1/sCyZ,1.

Since Cj is not inside Z,q, increasing C; does not change
the shape of either |T| or @, IT|decreases in inverse
proportion to Cy, but @does not change at all.

The decrease of |T| results in lowered loop gain

crossover frequency:

v.0.1 3/07 http://www.RDMiddlebrook.com 19
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dB,
180
deg

60.0

-60.0

-180

®)
| op =—40
-300 | / maX 244
10k 100k 1Meg 10Meg 100Meg 1G 10G

frequency in hertz

v.0.1 3/07 http://www.RDMiddlebrook.com 20
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dB,
1804 -
deg

60.0

-60.0

-180

-300

10k 100k 1Meg 10Meg 100Meg 1G 10G
frequency in hertz

There is a range of C; for which the phase margin ¢y,
is.negative, and the Followerdsanstable. 21

16. Darlington Follower Instability



A design strategy is to add sufficient damping

resistance R; to Z,; so thatthe maximum phase

lag is less than 180° by some desired phase

margin.

v.0.1 3/07 http://www.RDMiddlebrook.com
16. Darlington Follower Instability

22



Damping resistance R; added

v.0.1 3/07 http://www.RDMiddlebrook.com 23
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dB

1wo|l': Cp=1p loop gain H T D
: crossover = =
degr\/ frequency 1+T
60.0 | ‘\‘
-60.0 -

ol L N\ T

\_~

-300 Emax =244

10k 100k 1Meg 10Meg 100Meg 1G 10G
frequency in hertz

The phase margin ¢, is positive, so the Follower is

stable. However, O, A8 small so H has a large peak.

/iwww.RDMiddleBrook.com
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180} |T

E ‘ ‘ C L = 1p

-60.0 —
T YA

180k R4 =100Q —
g Rj=0 >

-300

10k 100k 1Meg 10Meg 100Meg 1G 10G
frequency in hertz

v.0.1 3/07 http://www.RDMiddlebrook.com 25

16. Darlington Follower Instability




-60.0

-180

1

-300

2 — N o
@ ﬁd = 1000€2 \ 1 =—133
4 =100Q l
Rj=0
ok 100k _ iMeg  10Meg  100Meg 16 106

frequency in hertz

The worst-case phase margin thus occurs when Cj is

such that the |T| crossover frequency f, is at the

fr

v.0.1 3/07 http://www.RDMiddlebrook.com 26
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dB
180f |T| Cr =0.78p

60.0|

e —

-60.0 / T H -
| v =180°—133° =47° /Ty =13%°

-180

-300

10k 100k 1Meg 10Meg 100Meg 1G 10G
frequency in hertz

Worst-case ¢y =47, and consequent greatest peaking

ln H OCCU.I'S fOI' CL ttp//www Middlebrook.com 27
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Expanded scale:

dB;
8.00|

- |H(f,)|=1/2sin(gps /2)
o =47°

4.00

-4.00

-8.00

1

CL = O.78p

H(f,)|=2.0 dB

loop gain
fcrossover
requency: _T

fe =140 MHz

Ok 100k

v.0.1 3/07

1Meg 10Meg 100Meg |
frequency in hertz
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EXAMPLE

17. THE INPUT FILTER PROBLEM OF A SWITCHED-
MODE REGULATOR

v.0.1 3/07 http://www.RDMiddlebrook.com
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A different application of the EET is useful in design of

the input filter for a switching regulator.

v.0.1 3/07 http://www.RDMiddlebrook.com 2
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"The Input Filter Problem" was discussed in a 1976 paper:

R.D.Middlebrook, "Input Filter Considerations in Design
and Application of Switching Regulators," IEEE Industry
Applications Society Annual Meeting, 1976 Record,

pp. 366 - 382.

v.0.1 3/07 http://www.RDMiddlebrook.com 3
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Problem:
How to design an input filter for a switched-mode

regulator without significantly disturbing its properties.

Conclusion:
The output impedance Z; of the input filter should be
much less than certain line input impedances of the

regulator.

The design-oriented inequalities can easily be established

by use of the Extra Element Theorem.

v.0.1 3/07 http://www.RDMiddlebrook.com 4
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The EET for one extra element Z; is

Z
o _Uo 1*z,
Ui ) Ui 14+ %s
Z,=0 Z;
This is the same as the GFT for one injected test signal:
1+
H=H_ ” 1" =H, DD,
tT

where H =loopgain[with Z;] and H,, =loopgain[Z; =0].
Z; and Z,, can be found from T and T,, by test voltage
e, injection at a source resistance Z; = R; =1Q. Then,
Z;=Tand Z, =T,

v.0.1 3/07 http://www.RDMiddlebrook.com 10
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\/\621113%95 as il‘l 1976 Pal?\%)l:/m.h%:l\%iddlebrook.com
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45.0
dB|

35.0(

ref|
1Q |
25.0

15.0|

5.00 |
100 200 500 1k 2k 5k 10k 20k 50k 10C
frequency in hertz
v.0.1 3/07 http://www.RDMiddlebrook.com 12
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Values as in 1976 Paper Fig. 17, Filter B
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45.0
dB|

35.0|

ref|
1Q |
25.0

15.0 |

5.00 |

100 200 500 1k 2k 59 10k 20k 50k 10(C
frequency in hertz
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50.0 |
dB |
N He, - loopgatnlZ, =0
100}
100}
300}
100 200 500 1k 2k 5k 10k 20k 50k 10!
frequency in hertz
v.0.1 3/07 http://www.RDMiddlebrook.com 16
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50.0 |

dB |
30.0 wn[z =0]

? Zn
-30.0| d
100 200 500 1k 2k 5k 10k 20k 50k 10(
frequency in hertz
v.0.1 3/07 http://www.RDMiddlebrook.com 17
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50.0
dB i

30.0|

10.0|

- H =loopgain[with Z]

H,, =loopgain[Z = 0]

/

100}
f 1+ 2 Zy
-30.0| Zg
100 200 500 1k 2k 5k 10k 20k 50k 10
frequency in hertz
v.0.1 3/07 http://www.RDMiddlebrook.com 18
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18. CURRENT-PROGRAMMED
SWITCHED-MODE REGULATOR
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L ACV(PYRL L
A,/ Ry =84.3 R2
10k
E, =0.005 makes the C1
line 84.3% compensated T ion
+ ')
G1
R9
R3 72 750u R1
§1.5k 1 C4 ; mes - 10k
= 100 _l
v.0.1 3/07 http:f/\lvlmv.RDMidaIebrooR.com 2
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The power stage has an internal current loop and a voltage feedforward loop.
STEP 1

Strategy: absorb both loops into an equivalent power stage model, by Doing Some
Algebra on the Circuit Diagram (Ch.2)

A, =16.86 Rf R4 L
v; . Acv(P) . 34m 3m 1u v,

O D=0.1 . |‘||'

Rc
[ i
Di;
—l— Ac*v(P)/RL —
B A./Ry; =843 B
Since

v(P)=-Ev; + v, — E1Ryi
sph& il'{,ﬁo‘?oltage and current moHItitll?)tlon %‘\ﬁrﬂpﬁroo nto 0trlﬁree: 3
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*\ 71 * *1
Dvi AfEZ Vi Ac*vc AiElRf I  3.4m am 1u
o 13 ( ) 1 . T\ / > VW—VWN— 1
C

|
i
N
o
o
c
N O
~

7

Rc
o 1o i
Ac*vi/RL Ac*vc/RL AcCE1Rf*i/RL
@ <

i 1

Since the voltage generator A E1R¢i is proportional to the current through it, it can be

replaced by a resistance A E1R¢. Also, since the current generator A E;v;/ Ry is proportional

to the voltage Dv; across it, it can be replaced by a (negative) resistance — DRy / A.E,.

. ACE1Rf Rf R4 L
Dv; AfEZ*Vl Ac*vc 2§9m ; 3.4m 3m 1u
& FO— 5 O—T— W W——MWA—""
C
e RL
A E 200u
\ oi(1- 52~ iy 10503 3%
§ _DR; ; = 0.157D; '
A.E, §Rc
A_E{R m
=—0.237 l@Ac*vc/RL ©T‘:1fi = Bi=1.145i
_[TOESoT ¢ iuttp://wm.RDMiddIebrook.com — %1
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The consequence of the current loop is that it introduces a (lossless) damping

resistance A E1R¢ in series with R¢ and Ry, to form an effective resistanccle_ R, :

*\ /i * Re
Dvi Afﬁ_Z\VI Ac*vc . 236m 1u
& : = AM—— Ny
O ‘_O+ -
ACEZ Re = (1 + ACE]. )Rf + R4 pr— 200U RL
Do 1-—27]=0157Dv; = (1+67.4)3.4m+3m 2
_DRy . = 0.236
ACEZ Rc
_ AcE1R ¢ _ . 1m
=—0.237 l@ AcC/RL ?T <17/ i = Bi=1.145i
l Ry,
.
STEP 2
Normalize the element values in the filter (Ch. 5):
1 L

0)0 = ﬁ fO = 112kHZ RO = E =70.7m

Ro Ro RL

=—=0.300 =—="70.7 =——=2.83
Qe Re Qc Rc QL Ro
v.0.1 3/07 http://www.RDMiddlebrook.com 5
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The voltage transfer function H for this triple-damped RLC filter was obtained in Ch. 12:

v.0.1 3/07 http://www.RDMiddlebrook.com 6
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1
H Q.Qr

Qc QL

O

v.0.1 3/07 http://www.RDMiddlebrook.com
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For the LM3495, however, the inequality Q.Qy =70.7 * 2.83 = 200 >> 1 still holds, but the
inequality Q,Qr =0.300*2.83 = 0.848 >> 1 does not.

The result therefore becomes

1
H ; QCQL
1
1 1+ Qc( afo )
H= + 1 1 1 2
el ng(s) 1+ 1 (af)
0.0, %+ T Q.0
where Q, |Qr = 0.300(2.83 =0.271 and 1 —= 1 0459
+ 2.18
QeQL
The Q; of the denominator quadratic is (Ch. 4)
J_
Qs = \/ Qe |Qr ) =0.400, Q; =-7.964B

op0 3/(017+ o, 1Q )wo, Fitte: MRS, B DRI S A6 ki 2
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The power stage control-to-output voltage gain is v, /v.|y,=o=A-H where A, =16.86.

Insertion of numbers gives

1+ s/2x
A H =17.77dB 792kH= ;
14+ 1 ( s/2x )+( s/2x )
0.400\ 16.5kHz 16.5kHz

Simulation
40.0|

- 17.77d8 7B : 16.5kHz, 9.80dB

07 A-H(0) 3

i 16.5kHz
40.0|

792kHz
-80.0|
-120
v.0.1 307 100 htte://www.RDMidgjlghpook.com 1Meg 1001
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STEP 3
Error Amplifier R2
P 9 § 10k
[ _ P P
1l
-1~ 10n
10 3 G1 + 1
R3 R9 750u R1
15k 1. C4 <72 - 10k
= 100 _l
] I &

The flat gain that sets the loop gain crossover occurs when C; is short, and C4 open,
so take this gain as reference (Ch. 3). The two poles are obviously well separated, so the gain
can be written by inspection as

1
A=A
em( 1 +1)(1+SC4R3)

SCl R3
where

Ay = LGle, =0.563 = —5.0dB

Rl +R2

With substitution of numbers,

1

’\L/\.O.T §}‘L-U%B ( 10.6kHz + 1)(1 4 S/mpp:/)www.RDMiddIebrook.com 10
s/2x 1.0681Kufrent-Programmed Switcher




- A, Simulation
100 |
60.0
10.6kHz 1.06MHz
20.0
-20.0 -5.0dB
60.0
1 100 10k 1Meg 1001
v.0.1 3/07 http://www.RDMiddlebrook.com 11
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STEP 4
The loop gain T is:

1 + s/2x
T=A,A.H=1277dB 792kHz 5
10.6kHz 1 s/2x s/2rx s/2x
( siar 1) [1 *+0.400 ( 16.5kHz) + (16.5kHz) ](1 + 1.06MHz)
Simulation
80.0 |
i 16.5kHz
40.0 1.06 MHz
O 7 \ )
i 10.6kHz
-40.0|
i crossover f,=28kHz
-80.0|
1 100 10k 1Meg 100N
v.0.1 3/07 http://www.RDMiddlebrook.com 12
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Since three poles close together determine the crossover frequency f,, there is no point
in trying to predict its value. Instead, the simulation shows it to be f, = 28kHz.
From the predicted corner frequencies of T, ﬁ can then be calculated as:

1 28
ﬁ= —90° + tan" ! 28 180° + tan~ 1 04165 7 |+ tan 1 28 tan"1 28
10.6 1— ( 28 ) 792 1060
6.5
=—-90°+70° — (180° — 66°) + 2° — 2°
=—-134°
v.0.1 3/07 http://www.RDMiddlebrook.com 13
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This agrees with the simulation:

60.0 T
Simulation
0|
-60.0 | /T
-
-120|
0 i ﬁ= —134°
- dm = 46°
-180 | —
1 100 10k 1Meg 100t
v.0.1 3/07 http://www.RDMiddlebrook.com 14
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STEP 5: Closed-loop gain G
_ Rl + Rz

The closed-loop gain G = G,,D where G, = - 2=6.02dB is the ideal closed-loop
1

gain, and D = is the discrepancy factor (Ch. 10).

1+T
Since D is a unique function of T, D can be evaluated at the loop gain crossover

frequency in terms of the phase margin ¢),.

In polar form,

1
1+

1

—j£T
1+ Le™/
T|

T =|T|e/“T, |D|=

T ‘ _
1+T *
If the phase margin is gy, then — ZT = (7 - ¢yy) at the crossover frequency where
'T|=1. Substitute in |D|:

DI, - 1 ‘: 1 ‘: 1 ‘: 1
fe 1+ /(@=om)| [14e7/PM| |1-(cospy —jsingy) \/(1—cosm)2+sin2¢M
1 1
\/2(1—cosm) B Zsin(pg[

In the LM3495, G, =2=6.02dB and @) = 46° at the crossover frequency f. = 28kHz. Hence,

D =1.28 = 2.10dB. These results are in agreement with the simulation using the
F&Hs/07 http://mww.RDMiddlebrook.com 15
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20.0
: - 2.10dB
0 7 G, =6.02dB
fo =28kHz
-20.0
closed-loop gain G
-40.0
60.0
1 100 10k 1Meg 0 1001
v.0.1 3/07 http://www.RDMiddlebrook.com
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Model for simulation using the Intusoft ICAP/4 GFT Template.

18. Current-Programmed Switcher

(No input filter)
. Rf R4 L
i O.l*V(i) 16.86 V(P) 3.4m 3m 1u VO
T . VWA
+ + C
=T~ 200u RL
+ | 2
C) Vi . |—| |1 !
=0 Rc
L@ +E2 + g1 | 1m
0.1V + 0 4
L 84.3v(P) L
GFTve o Ro
T + o—T P 10k
xgft @EI Vo Uo . . 13
GFTve [ O/ c1
— — = 10
vy, Y ly ‘@ I); X|I= y n "
VX _/
- Ez + 10 3 a1 ¥ VX A
Vy VX ~3 R9 50U a1
* - 72me ui
§1.5k 1ca ; ) T 10k
W - 100
v.0.1 3/07 http:'//llxlm.RDMld’dIebrookcom 17



Output voltage response to a 1v step in reference voltage

3.50
5 17.5u, 2.48 volts
2.50
1.50
500m
500m
10.0u 30.0u 50.0u 70.0u 90.0u
v.0.1 3/07 http://www.RDMiddlebrook.com 18
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STEP 6: Check for nonidealities
The ICAP/4 simulation also delivers the null loop gain T, :

100

100 |

300 |

200

1
\\\‘ | | \\\\\\‘

1 10

100

1k 10K 100k 1Meg 10Meg 100M

Since T,, >>1 at all frequencies of interest, the nonidealities are negligible.

v.0.1 3/07
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STEP 7: Output Impedance

As seen in Ch. 7, for a ladder network such as

C L1 O vO = Hel
Z,
e o
1(—{—) —_— Z2 -
Z; Z,
O O
the output impedance is
Z,=71H
Here,
—MN——FT"TTT—

oow(e) Teo(=R arr,

Z, =R, —[1+ ° } gg—j

e o/Qe I
Q 1)

and H is already known, so

v.0.1 3/07 http://www.RDMiddlebrook.com
18. Current-Programmed Switcher

20



(1 * @ 7Qe )(1 N chwo )

ZO ) (Re HRL) 1 1 S 1 S 2
1 glala)t o (a)
1+ 0.0, ™ t 0.0
-20.0f
' R, |Rp =108m = —19.3dB \
-30.0|
- Simulation f,'=16.5kHz
-40.0
500 fo!Q, =37kHz Q.f, =792kHz
] 1m = —60dB
-60.0}
1 100 10k 1Meg 100N
v.0.1 3/07 http://www.RDMiddlebrook.com 21
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Closed loop output impedance Z

ZO
1+T

Zof =

Since T is already known, 1+ T and can be found by the methods of Ch. 6.

1+T

80.0

40.0

- Simulation

0

-40.0

-80.0
v.0.1 407 100 nttp:/mww.RDMidduEHook.com 1Meg GJZQOP
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80.0 Simulation

40.0

1+T

open loop Z,,

-40.0

: closed loop Z ¢
-80.0|

v.0.1 307 100 nttp:/mww.RDMiddIEook.com 1Meg 2OON
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Simulation

1.40|

10 amp load current step

(Re |Rp)AIL =108m * 10amp = 1.08V

1.00

600m

200m

open loop

-200m

closed loop

100u

v.0.1 3/07

300u

500u

700u 900u
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18. Current-Programmed Switcher




STEP 8: Line-to output TF

Model so far: Re L
*\/1 *
v; i AfEZ Vi Ac*vc i2 36m 1u

OO
Dvi + + C
Do, (1 Ak j = 200u F;L

AE, § Rc
: . Im
_ 1=1.14
> | |=-0-257 1©AC*VC/RL ?T’B >t

Di;
I @ > & > ﬁ
Since v, =0, the voltage and current modulation generators are zero:
. Re L
AcE2*vi
v, ij Dv; '+ 236m -

. O ria\/\/\,_rwv\ .
Dv; + C
( ; Dv; (1 A;fz) T 200u F\;'—

<>+ § _DRy = 0.157Dv;
Acka § Rc
1@Di,- = -0.237 ?Iﬁi — 1.145i 1m
J__ & & L g 1
w0307 http://www.RDMiddlebrook.com o5

18. Current-Programmed Switcher



. .. A E
The power stage line-to-output voltage gain is v, /v; ‘vc=0=Dvi (1 - CTZJ H =0.157DHv;

Insertion of numbers gives

1+ S/Zﬂ'
v, 10|y —o =—42.85dB 792kHz -
¢ 1+ 1(5/2ﬂ)+( S/Zﬂ')
0.400\ 16.5kHz 16.5kHz
ol
Simulation
.40.0 !
| _42.85dB 8dB
-80.0/
120/
i 792kHz
1160
v.0.1 3/07 10 100 http://www.RDMiddhghkook.com 0ok 1Meg 10Meg 26.00N
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STEP 9: Line input impedance TF Z;

Same model as for the line-to-output TF: _ Re L
. ACE2*vi 236 1u
Vi i Dvi *~ AN
. L V P>
Dv;] + 3 AE, Jc AL
Dv; [ 1-——+ 200u
+ DR D 2
() _ L =0.157Dv;
Zi =) ACEZ Zil o Zi2 o ReC
1@ | =-0.237 ?[Bi =1.145i § 1m
Dli
L T ) - L
Z; = 12 _DR; Zjll 5 where Zq = _1 Zi» in which
D" AcEaf1- ez Y1-pt

Z;> = input impedance of the filter, which is already known.

Since £>1, the result can be written

Zip
) (=

v.0.1 3/07 http://www.RDMiddlebrook.com 27
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STEP 9: Line input impedance TF Z;

Same model as for the line-to-output TF: _ Re L
' . AcCE2*vi 236m 1u
Uj 1; D'Ui. "'m 1 .
Do; + 7 5 A E C
7= DRy, Zi Do, (1 = ‘13)2) =T 200u F;'—
+ D A E2 1 A EZ .
O (5-1)(1-") _DRy = 0.157Dv;
Zi =) ACEZ Zil =>> Zi2 = ReC
B |=-0237 i =1.145i § 1m
Dli

_l_ ® ® ® ﬁ

Since Z;5(0)= R, + Ry =0.236+ 0.2 = 0.436,

Z;(0) = —iz 0.237” 0436 = —100[0.23719] = —100[0.234] = —23.4 = 27.384B
0.1 (1.146 — 1)0.157

Since Z;5(0) =,

Z;(0) = —0—[0 237 0] = -100[0.237] = —23.7 = 27.494B

Conclusion: the current-programming loop makes the filter input impedance look high,
andtbe Giegative) line input imp d¢dpticevis chomtinaibedobly ddve term due to the line feedforggard.
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Input impedance Z; by the ICAP/4 GFT Template:

v.0.1 3/07

. Rf R4 L
N o1rviy Lo8VP) g 3m 1u
11
+
Z;=» i
A
0.1%(V2) " l?
— 84.3*(P)
- i GFThe i
T + o—1T
_ xgft
@Tn Vo Uo GFThe | |
I "0 1
=y \ A Ix X [|=
vy /
—‘G > ',VX
- Ez
R6 Vy VX R5
1k + 1k
W

http://www.RDMiddlebrook.com
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240
180t
120

60.0|

v.0.1 3/07

- 180° /21

:

: Zil
- 27.40dB 27.50dB
1 100 10k 1Meg 1001
The result is in agreement with that predicted by the modified model.
http://www.RDMiddlebrook.com 30
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