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A BROAD-BAND PASSIVE-REDUNDANT UHF AMPLIFIER CIRCUIT

INTRODUCT ION

The Naval Research Laboratory has been investigating the feasibility
and cost effectiveness of the maintenance—free concept in achieving an
operational availability for a radar far in excess of that of any system
currently in the fleet.

With present or projected technology, the most promising system
designs of achieving the long ~ffBF (Mean Time Between Failures) required
involve considerable redundancy and self—healing architecture.

In terms of implementation, there are basically two types of
redundant circuits: 1) a circuit in which there is a separate monitor
to detect component/module failure; and 2) a circuit in which there is
no such separate monitor. In this case, the redundant circuit itself
acts as its own sensor and automatically adjusts and compensates for
circuit degradation .

This paper is a description of a passive—redundant (PR) amplifier
circuit of the second type suitable for use in stages of a system where
power transfer efficiency is not critical.

QUALITATIVE CIRCUIT DESCRIPTION

The basic circuit contains two amplifiers , one power splitter, one
• power canceller, one power combiner , one direc tional coupler having a

coupling factor equal to the gain of the primary amplifier, and the
necessary phase compensating sections (Fig. 1).

The circuit is designed to maintain a constant output signal
should a failure or degradation occur in the primary amplifier. It can

• even tolerate a moderate amount of degradation in both amplif iers as • ‘
:

described below. A qualitative description is given in this section
with a theoretical analysis given in Appendix A.

The input to the circuit is at the input terminal of the power
splitter. Here the signal divides with half going to the primary circuit
and half going to the compensating circuit. The signal in the primary
circuit is amplified by Amp . A. A fraction of the output from this
amplifier is coupled to the power canceller while the rest of the signal

• - is connected to the circuit output through the power combiner.• I Note: Manuscript submitted March 12, 1979.

1
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When Amp . A is operating normally , the output from the power can-
celler is zero and Amp. B does not contribute to the circuit output.
However , if Amp. A degrades, an output exists from the canceller which

• 

• 

is amplified by Amp. B. Assuming this latter amplifier is operating
• normally, its output is added to the power from the primary circuit at

• the power combiner to maintain the PR circuit output constant.

• If both amplifiers incur degradation, the PR circuit can no longer
maintain full output. The degradation, however, will be gracef ul
(Fig. 2). This figure shows the PR circuit output loss as a function
of the degradation in each amplifier. These curves are based on Eq. (6).

For examp le, assuming no phase change in either amplifier , a circuit
output loss of no more than 1 dB can be maintained even if each amplifier

• . I degrades by as much as 3.5 dB. With a phase change as much as 450 in
Amp. B only, each amplifier could still degrade by 2.7 dE to maintain
the same output loss of no more than 1 dB.

RELIABILITY

Parallel redundant circuits are, in general, either of two types:
• parallel stand—by or parallel operating. The Passive—Redundant (PR)

circuit, however , does not belong to either class but is a hybrid of
the two. A simple comparison of the way each circuit operates will
demonstrate this fact.

I

• When a stand—by system is turned on, only one of its two amplifiers
is activated , with the second dormant. When the active amplifier falls
below a predetermined threshold, it is deemed to have failed, is removed

• from the circuit and the second amplifier is inserted in its place,
fully activated.

When a parallel operating system is turned on, both amplifiers are
fully activated. Each remains fully activated as long as its output
exceeds the predetermined threshold. ~~reover , the contribution of each
amplifier is independent of the other.

The PR circuit initially behaves as a stand—by system, i.e., only
one amplifier is operating. As the active amplifier begins to degrade,
the second amplifier becomes partially activated. There is no waiting
for a threshold to be crossed.

It follows that the expected time to failure (MTBF) for the PR -i
circuit will be less (no more) than tha t of the equivalent parallel stand—
by circuit and more (no less) than tha t of the equivalent parallel
operating circuit. Hence, the MTBF of the PR circuit is bounded by the

• MTBF’s of the two comparison circuits. Therefore, if N3 is the expected

- time for a single amplifier to degrade by 3 dB , the MTBF of the PR

~~ 
circuit lies between 1.5 N3 and 2.0 N3.

3
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There is an inherent reliability advantage of the PR circuit over

either of the other two circuits which is not apparent from the preceding
discussion. This is due to its “load—sharing” feature and manifests

• • itself in changing the definition of failure for a single amplifier when
it is part of the circuit. This can be seen from an example.

Suppose an amplifier voltage gain of C is required in a given
stage of a system but a 3 dB degradation can be tolerated . Assume that
the design will be implemented either with a single amplifier or with
one of the three redundant circuits of this section. Whatever circuit
is used, it will be considered to be a “success ” if its gain satisfies
the preceding criterion and a “failure” if it does not.

If the circuit is implemented as a single amplifier , loss of more
than 3 dB gain constitutes a failure for that amplifier . If the circuit
is implemented either as a parallel stand—by or a parallel operating
circuit, the definition of failure for an individual amplifier is un—

• - , changed from the previous case; if its gain degrades by more than 3 dB,
it is a “failure”. When both amplifiers fail, the circuit itself will
degrade by more than 3 dB and be deemed a failure.

For the PR circuit, however, incorporation of the two amplifiers
into the circuit alters the definition of failure for these amplifiers.
This is shown graphically In the solid top curve of Fig. 2. The
coordinates of any point on the curve are acceptable definitions of
failures for each amplifier pair. For example, Amp . B will fail if its
gain falls by 9.5 dB after Amp . A has degraded by 5.0 dB, but it will

• also be considered a failure if its gain falls by only 8.0 dB after
• Amp. A has degraded by 5.7 dB, etc.

• . Further , from Fig. 2, using the same curve, there is one point at
• which both amplifiers have the same loss, namely, 6.75 dB. As a second

• approximation then, each amplifier in the PR circuit can be considered
to be operational only if it has degraded by no more than 6.75 dB. This
will lead to a conservative estimate for the circuit ’s MTBF. With this

• assumption, the MTBF of the PR circuit lies between 1.5 M6 and 2.0 N6,
where 4 is the expected time for a single amplifier to degrade by 6.75

• dB. The results are summarized in Table 1.

It is certainly true tha t N6 is always greater than N3. The exact
relationship depends upon the failure mechanisms of the amplifier used in• j implementing the PR circuit and the derived stochastic failure model

• process. For example, if it is assumed that the MTBF for an individual 
•~~ I

amplifier is linear with degradation threshold (for small values of
1 degradation), then N6 ~ 2 N3 and the MTBF for the PR circuit would lie
4 between 3.0 N3 and 4.0 M3. Hence, it would be considerably better than

- ~ • either of the two classical parallel redundant circuits. - •

• ~~~~~~
“

• 
More generally, with the appropriate stochastic failure model and

the use of the entire curve in Fig. 2, instead of merely one point

I —



~~~~~~~~~~~ • • •• . • ~~~~~~~~~ - •~~~~~~
- • •

~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
• - • •

• (6.75, 6.75) a more accurate MTBF can be obtained . It will, of necessity,
be somewhat greater than that obtained by the argument in the previous
paragraph.

The derivation of the statistical model is not relevant to this
report and will be left to a future paper. Nevertheless, it appears
that with very mild assumptions about the failure process, the MTBF for
the PR circuit should exceed that of a stand—by system with the same
failure definition.

• The 3 dB criterion for failure was chosen for illustration only.
Similar conclusions would hold for any other threshold.

TABLE 1
Expected Time to Fail for
Parallel Redundant Circuits

Expected Time to Degrade
(MTBF) by:

3.0 dB 6.75 dB

Single Amplifier M3 M6
Parallel Operating 1.5 M3 1.5 N6

• Parallel Stand—by 2.0 M3 2.0 N6
Passive—Redundant 1.5 4 to Not relevant

2.0 M6

TEST CIRCUIT

A block diagram of the test circuit using commercially available
components is shown in Fig. 3. Operationally, it is equivalent to the
circuit in Fig. 1. It was designed for broadband operation from 400 ~fliz
to 470 MHz.

The list of components is shown in Table 2. Extensive tests were •~~• made on each component to determine its characteristics such as coupling
fac tor , phase shift, and gain/loss. The amplifier gains, coupliiig
factor of the directional coupler, and the circuit losses determined the
final configuration of the test circuit.

4 The power outputs from the circuit (Fig. 3) with each of the two
amplif iers operating alone, were made equal by the use of a 4.0 dB

• fixed attenuator (Attn. 1) in the primary circuit. The amplitudes of
the two signals arriving at the power canceller were then made equal by
using a 3.0 dB fixed attenuator (Attn. 2) in the coupled output line
of the directional coupler . •

6
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TABLE 2

Commercial Components Used in
Passive—Redundant Circuit

Component Manufacture and Model No.

Power Splitter Anzac Model 11—1—4 Hybrid Junction

Attenuator 1 Weinschel Type 3T 4 dB Attenuator

• Amplifier A Watkins—Johnson Type WJ—620l—3l2 Amplifier

Directional Coupler Anzac Model CH—l32 20 dB Directional Coupler

Attenuator 2 Weinschel Type 3T 3 dE Attenuator

Power Canceller Anzac Model 11—1—4 Hybrid Junction

Amplifier B Watkins—Johnson Type WJ—6201 312 Amplifier

Power Combiner Anzac Model 11—1—4 Hybrid Junction

Phase Compensating Specified length of RG—l41/U semi—rigid coax
Line (el)

Phase Compensating Specified length of RG—l4l/U semi—rigid coax
Line (02)
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The delay time (phase) of the two signals arriving at the power
canceller were made the same to satisfy the requirements of the can—

• • celler as used in this circuit. (Equalizing the phase at one frequency
may not meet the phase requirement over the entire frequency range,

• hence, time delay was used). To perform the adjustment, the signal
delay time from the PR circuit input terminal through the primary
circuit to the power canceller was determined. Then the length of the
phasing section was cut to give the same delay time to the signal
at the second input terminal of the power canceller. A minimum output
signal at the canceller resulted when 

~~~ 
was properly adjusted. A

similar measurement and adjustment was made at the power combiner to fix
the length of phasing section 

~~~~ 
In this case, proper adjustment

• resulted in maximum output.

Figure 4 is a photograph of the test circuit.

THEORETICAL CONSIDERATIONS

A mathematical derivation of the output of the PR circuit is
developed in Appendix A. The attenuators, phase shifters, directional
couplers, power splitter, power canceller and power combiner are
modeled as ideal elements. Each amplifier is considered to be an
ideal 20 dB amplifier in series with an ideal attenuator and ideal phase
shifter.

A normalized power output, P’ 
~~

‘ 
is given by Eq. (A36) and is

repeated below as: 
U

• 
p ’ = io~° + io’~ + iolO — 2 x io20 10 cos (~ + 8)
out 1

+ 
ci+ct~ 

(1)

— 2 x iolO 20 con — 

~2 
+ L~l

) + 2 x 10 con (8 — — 8)

• where a = amplitude degradation (dB)of Amplifier A.
• • 

; a2 amplitude degradation (dB) of Amplifier B.

• 0 = phase degradation (rad) of Amplifier A.

B = phase degradation (rad) of Amplifier B.

14 — phase difference (rad) of inputs to power canceller when 8—0 .

= phase difference (rad) of inputs to power combiner when 0—8—0 .

~ !~~~~~~~

- 
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It is possible to explain the operation of the PR circuit completely
by analyzing Eq. (1). It should be noted that this equation includes the
effects of both amplitude and phase degradation in each amplifier as well

• as the effect of misadjustment in the phase compensation networks.

It is convenient to make the following substitutions in Eq. (1):

— io20

D2 
— 1020

• After some algebraic manipulation, Eq. (1) becomes:

P ’ — C D + D  - D  D } 2
Out 1 2 1 2

— 2 D1 D2 ~ [l — cos(8 - A
2 

- 0)]— D2 
(]. - cos (0 +

— D1 
(1 — cos (B — A2 + A1)]~ (2)

I

• If perfect adjustm ents in the phase compensating networks are attained
(A,~ — 0 A 2

) ,  Eq. (2) becomes :

- CD1 + D2 - D1 D2
}2 

- 2 D1 D2 ~(l — cos (3 — 0)]

— D2 [1 — cos e~ —D 1 (1 — con 811 (3)

It follows that the power output, ~~~~ is completely symmetric in
the parameters for each amplifier, i.e., the interchange of D2 with D1
and 3 with 8 in Eq. (3) does not change the value of

- - ‘ a. Special Cases of Amplifier Degradation 
•

• 4 . Seven special cases of Eq. (3) will be considered .

‘4. Case I: Amplifier A is perfect (ci 0 — 0). -

Hence,

• 
• 

11

• ~~~~

_ _ _  -
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— 1 and using Eq. (3),

• — 1 — 2 D2 ( (1 — cos 3) — 0 — (1 — cos B) ]
• (4)

P ’ — lout

Thus, if Amplifier A is operating normally, the output power from the
circuit is independent of the state of Amplifier B.

Case II: Amplifier B is perfect (a2 
— 0 — 8)

By the comment on symmetry or direct substitution into Eq. (3),
noting that D2 

— 1 in i~his case,

— 1 (5)

Thus, if Amplifier B is operating normally, the output power from the
circuit is independent of the state of Amplifier A and is the same as
for Case I. The results of Cases I and II really establish the validity
of the circuit design.

Case III: Amplifiers A and B suffer amplitude, but not phase,
• degradation (a ~ 0 ~ a2, 8 0 — 8)

• — CD1 + D2 — D1 D2 ) 2 (6)

The solid lines in Fig. 2 are a parametric plot of Eq. (6) .

Case IV: Amplifier B suffers both amplitude and phase degradation;
Amplifier A suffers amplitude degradation only (8 — 0).

Ut 
- (D1 + D2 - D1 D2) 2 

- 2 D1 D2 (1 - con 8) (1 - D1) ( 7)

• 
• The dotted lines in Fig. 2 are a parametric plot of Eq. (7) for 8 —

1T/4 (45°). •

- 
I 

Case V: Amplifier A suffers both amplitude and phase degradation; 4
• Amplifier B suffers amplitude degradation only (8 — 0). This case is

• • .4 symmetric to Case IV.

‘4 2
P

~~~~~~~
(D1 + D 2

_ D
i D2 ) — 2 D

1 D2 ( l — ~~~’s 8) ( l — D 2
) (8)

• 

- 
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Case VI: Both amplifiers suffer phase but not amplitude degradation
( a — 0 a2)

• 
~~~ijt 

3 + 2 (cog (8 — 8) — cos 8 — con 8] (9)

A plot of this case is shown in Fig. 5.

Case VII: Amplifier B maintains amplitude integrity 
~°2 

0) but
all other parameters of circuit degrade.

— 1 + 2D1 ED1 (1 — cos 8) + cos ( 3—6 ) — co~ 8] (10)

A parametric plot of this more general case is shown in Fig. 6.

b. Effect of Open—Circuit Failures

A common class of failures in UHF circuits are those which
result in open circuits. These include breaks in coaxial lines or poor
connections. The effect of open circuits occurring at five critical
points (Fig. 7) in the PR circuit are readily analyzable.

• For this purpose , it is best to use the voltage output equations
• (Al 2 , All , AlO) , which are repeated with slight modifications below:

V V
• VOut Ii Ii

— 5 D1 V e j 3 + 8 Wt )

• - 5 D2 (V 3 - V2 ) e~~~ 4 + ~~ (11)

where,

— phase shift (rad) introduced in the circuit path
corresponding to lj  ( j  — 1, 2, 3, 4) .  It does not

I include the phase shif t  introduced by the amplifier

4 in that path.

Open circuits at the critical points are equivalent to setting certain
of the voltages V2, V3, or V6 equal to zero .

~
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Case I: Open circuit at Point 1

H 

v6 — V 2 — 0

V
~~~~~

5D 2 V3 e
~~~

4
~~~~

V — ~— D V e j 2 + d 4 + 8 ~~~~
t )

• out 2 (12)

• For correct phase adjustment and normal operation of the second
amplifier,

V — ~— V e ~ 6 3w t
out

Hence, the open circuit will have no effect on the output voltage
(Eq. (A31)].

Case II: Open Circuit at Point 2
I

V 3 a

V — (D e j ( 63 + ~~ — D e~~
6l + 64 + 8 + 

~~ e
jWt (13)

ou 1. 2

For correc t phase adjustment and normal operation of both amplif iers ,

V - 0out

Case III: Open Circuit at Poin t 3

V2 — 0

.4
’ 

V — [D e~~
63 + ~)+ D e~ 

(62 + 64+ 8) ] ~~~~out ,,~~ 1 2 (14)

it’
• 1:
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For correct phase adjustment and normal operation of both amplifiers

V - 2 P.! e~~63 + Ut)]out Lu
Henc e, the output power will increase by 6 dB.

Case IV: Open Circuit at Point 4

V
6 

— 0

V — D (e~
62 — D e~~

6i 
+ 0)

] e3~
64 + 3 + ut)  (15)

out 
,,

i~~ 2 1.

• For correct phase adjustment and normal operation of the first
amplif ier, V0~~ 

— 0.

Case V: Open Circuit at Point 5

V — O5

v~~~ — ~ m1 e~~
6
3 
+ 8 + i it )  (16)

/1
For correct phase adjustment and normal operation of the first
amplifier, the open circuit will have no effect on the output voltage.

From the foregoing analysis, it is clear that the most critical
points so far as circuit reliability is concerned are (2) and (4).
Open circuits at these locations produce complete circuit failure;
open circuits at other points result in only partial or even no change
in circuit output. The same conclusions would hold if short circuits

• occurred at these points in place of the open circuits.

It should be noted that the foregoing analysis was for ideal
conditions. In practice, deviations from these predictions will occur
due to mismatches induced by the failures at the critical points.

CHARACTERISTICS OF_ThE TEST CIRCUIT

4 • The measured frequency response for each amplifier is shown in • •
Fig. 8. With a 5.0 mV input signal, the output is 102.7 isV at the
midband frequency of 435 MHz . This is a circuit gain of 26.3 dE. The
output varies ± 0.13 dE over the entire range of 400 to 470 MHz.

1*
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There is considerable loss in gain in the complete PR circuit as
compared to the single amplifier. With no degradation in Amp. A,
measurements on the PR circuit varies from 10.8 dB at 400 MHz to 12.1
dB at 460 MHz (Fig. 9). This represents a response of ± 0.65 dB
over the entire frequency range.

The signal power dissipated in the PR circuit is therefore quite
large. With 50 pW of power applied to the input terminals, 1.24 mW
of power was available at the output terminals while 2.19 mW of power
was expended in the circuit. With respect to the signal power, this
amounts to an eff iciency of 36% , excluding the efficiency of the
amplifiers.

PERFORMANCE OF TEST CIRCUIT SIMULATED FAILURES

• Experimentally, the response of the PR circuit to different degrees
of degradation of Amplifier A was obtained by progressively increasing
the attenuation of Attenuator 1 and measuring the power output (Fig.
10) .

The curves show the output power as a function of frequency (400 —
470 Mflz) for different levels of amplifier degradation. The input
power was held constant at 50 uw for all measurements. Overall,
for all fr equencies and all degradation levels, the input varies
between 10.8 and 12.65 dB.

In Fig. 11, the output power of the circuit is shown as a function
of primary amplifier degradation for each of five frequencies. For
any single frequency the measured variation in overall output does not

• vary more than 0.6 dB. For any amplifier degradation level the
variation in output with frequency is less than 1.3 dB.

The deviation from a completely flat response is due primarily to
using off—the—shelf fixed attenuators and inaccurate cutting of the
phase compensation sections. For example, the theoretical design

• required Attenuators 1 and 2 to have values of 3.63 and 2.38 dB,
respectively. Off—the—shelf attenuators of 4.0 and 3.0 dB,hovever,
were used.

• CONCLUSIONS

• I The Passive—Redundant amplifier circuit has been shown to perform
at least as well as a parallel redundant circuit. It is capable of
performing its own fault detection and subsequent compensation without
auxiliary circuitry. It maintains a constant output , whether one
amplifier fails completely or both degrade gracefully. The circuit

‘4 studied in this report operated over the frequency range of 400 — 470
MHz . There is a loss of power through the system and the circuit is
best used in an application where power transfer is not critical.
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DEGRADATION OF AMPLIFIER A
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‘4 Fig. 10 — Frequency response of passive redundant circuit with various
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APPEND I X A •

DERIVATION OF OUTPUT POWER

A.1 Properties of Power Splitter/Canceller/Combiner

Referring to Fig. (Al), a power splitter/canceller/combiner has the properties:

1. If an input signal V8 is inserted at terminal B and a 50 ohm load is inserted from

term inal A to ground , then the output voltages Vc, V0 at terminals C and D.

respectively, are given by

V
(A l)

2. If input signals V1~. and V0 are inserted at terminals C and D, respectively, then

the output voltages at terminals 4 and B are given by:

VC — V D
(A2)

V8 .- ,-•

A.2 Output Voltage

The mathematical model used in the analysis is given in Fig. (Al). The basic assump-

tions are:

I. All attenuators, phase shifters, directional couplers, power splitter , power can-

- I celler , and power combiner are modeled as ideal elements. Each amplifier is con.

sidered to by an ideal 20 dB amplifier in series with an ideal attenuator and ideal

phase shifter. ‘ 

~~• ,t- 
- 

•

2. Neither amplifier saturates at the power levels used. •

The basic parameters of the circuit are:

I
241
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a — amplitude degradation (dB) of Amp. A

a 2 — amplitude degradation (dB) of Amp. B

a1 — fixed attenuation (db) — This attenuator is needed to equalize the two outputs

• obtained when each amplifier is open circuited in turn

9 — phase degradation (rad) of Amp. A

— phase degradation (rad) of Amp. B

I , — physical line length (I — 1 , 2, 3, 4)

8, — phase shift ( rad) introduced in the circuit path corresponding to 1, (I 1 , 2,

3, 4,) . It does not include the phase shift introduced by the amplifier in that

path.

A 1 — 8 1 — 8 2 A3

A2 — 8 3 — 8 2 — 8 4

V.,, — V cos cu~ — input voltage (A4)

Since the PR circuit involves attenuators and phase shifters , it is particu larly convenient to

• express voltages in complex form. Thus, we write

— Ve ””
where , it is understood , that we really mean

— Real ( Ve””)

Further, let

• D 1 — 102 °
a 2

D1 — 1 0 2 °

D3 — 1 0 2 °  (A 5)

~ 
I
~~

•
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Referring to Fig. (Al), it follows that

— -
~~~~~ e’~’ 

(A6)

• 20—20
V2 — D i V1 10 20 e ’11” ~~

or

V2 — 0  V1 e’~~~~ (A7 )

• V3 — V 1 e
J 61 (AS)

V — V
4 A9

20
• 

. 
• V5 _ l 0 2 0 D 2 V4e ”8~~

$1

or

V5 — l 0D 2 V4 e’~~~~ (AlO )

V6 .- l 0 D 1 D 3 V 1 e ’~~~
”1 (A l l )

Finally,

V5 
V6

+ ,~~ (A 12)

In terms of the intermediate voltages,

— 5D 2 ( V3 — V2 ) e”8
~~~ (A13)

and, anticipating the setting of D3 — (Eq. (A24)I,

I 
• 

-

~~~~~ 

— ~~~~~ Ve ’ ’ ~~~
”‘’

~ 
(A 14)

Hence

• V~, .- ~~~ Ve l + 4 w i )  
+ 5D 2 ( V3 — V2 ) ~~~~~ (AIS)

where, the first term is the contribution from the primary circuit and the second term is the

contribution of the secondary circuit This equation IS useful in determining the effects of short

circuits on the system.

~ 

Using Eqs. (A6) , (A8) and (A9) , •
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V~ 
— 

5D2 V 
(e ’~ — D~ e’~~ 

E
1 ~~~~~~~ (A 16)

Thus , keeping 0, undetermined,

— ~~~~~ [~~~D I D,e”~~~ + D 2e’~~”~~~’ — D 1 02 e ’ 4 +8)] e1w
~

This is the most general form for the output voltage.

It can also be written as

V,.~ — 

~~~~ 
De’~~~~’~ (A 18)

where

D2 — ( ~~~D,D 1 +D 2 — D 1 D2 ) 2 +

2D 1 D2 {D 2 [ I  — cos(9 + Ai)J + ~~ D,01 [i — cos($ + ~~ 
. A2 )~ x

— ‘~ñ~ D, [1 — cos(9 — j3 + 
~2)]} (A 19)

~ ~ñD ,Di sin ( 9 + 8 , ) + D2 sin (~~+ 8 2 + 8 4 ) — D 1 D2 s i n ( 9 + p + 5 1 + 6 4)tan — 
-..5D,D I cos(9 + 6,) + D2cos(~ + 82 + 84) — D 1 D2 cos(9 + $ + 8~ + 84) 

A20 )

kind , as before,

a

a
A2 —8,--82 — 84

E ither of the two Equations (A 17) or (A 18) can be used to determine the circuit output , mak-
• ing allowance for a very general class of misadjusiments. For proper phase adjustment, how-

• cvcr , the equations are much simpler.

Let

V1 1,,,, — output voltage when Amp A is open-circuited (D 1 — 0) and Amp B is normal •
(D2 — 1 ,$— 0)

• , ‘.* .

- 
~ 

V2,.,,,, — output voltage when Amp B is open-circuited (D 2 — 0) and Amp A is norm al

(D1 — l ,9 — 0 )  •
- 

.,
- .:~
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V, .~, output voltage when Amp B has degraded partially (02 � 0) and Am p A is

normal (D 1 — 1, 9 — 0)

For proper circuit operation

V1 ~~~, 
— V2 ,,,,, — V3

But

V -~~-~~~ !(6~~+84 + (.II)  (A2 1)l out — e

V2 ,,,,1 — 5 VD, e~~ 
~~““~ ( A22)

— ~~~~~~ [ e ’~ + 02 e’~ 
+8 2 8h) 

— 02 
~~!~ $ +8~ e”‘’ (A23)

From Eqs. (A21) and (A22),

0,.- (a — 3dB) (A24)

83 82 + 84
Hence, substituting into Eq. (A23),

Thus, when the phase is properly adjusted in the circuit,

• 
~1 — A 2 — 0  (A25)

and

— ~~~~ [ D i e” + D2 e’8 — D~D2

where

8fl~~~~~~~83~~~~~~~ 8l + 8 4~~~~~~~82 + 6 4 
(A27)

• Similarly,

— D e- ”8 ’ ” (A28)

• where

p

D2 — ( D 1 + D 2 — D , D2 ) 2 + 2 D 1 D 2 D 2 1 1 — c o s 9 l +

D~(I — cos$I —(1 _ cos (9 _ $)J } (A29)

and

29
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D~sin(O + 8)~ + D2 sin($ + 8)~ — D i D 2 sin(9 + ~ + 6~,) (A30)— D1 cos(9+80) + D2cos(
~~+8o) — D1D2cos(9+$+60)

• As long as the circuit is operating normally, i.e. (D 1 — 1. 0 — 0) andlor (D~ — 1, ~ — 0), it

can be seen from Eq. (A26),

SV j( $ , + ...i) ~~ (A31)

i.e.

D — 1 . 6 — 5 0

• A.3 Power Output

The output power, P,,..,,, across a load of Rohms is given by

~ 25 V2 D2
4R (A32)

where D2 is defined in Eqs. (A19), (A29) , (A3 1). If P,,,,,,, , is the output power when the circui t

is operating normally, then 0 — 1 and

-- 25 I~
2

— 
4R 

(A33)

It is convenient to define a normalized power output •

- 
P~~ — - ~-~~- (A34)

In general , then •

(A35)
• 

• ~- Lastly, a general expression for PIN,, can be given as

P~~—1O’° +l0’° + l 0  ‘° — 2x 1020 10 cos(6+A 1)

_ 2x l 0 i0 20 cos($+A ,—~~ )+2x10 
20 c o s ( $ — 8 — ~~) (A36)
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