Error-Controlled High Power Linear
Amplifiers at VHF

By H. SEIDEL, H. R. BEURRIER, and A. N. FRIEDMAN
(Manuscript received July 21, 1967)

Two amplifiers, each covering a different band in the VHF range, were
constructed for test set applications. These amplifiers were required to meet
stringent specifications beyond the general scope of previous art. These
specifications related to the simultaneous availability of relatively large
output power, tight linearity, minimal delay distortion across a 40 per cent
band, high input and output return loss, large dynamic range, and time
stability.

The performance problems were solved by using:

(?) Quadrature couplers in a corporale structure array to provide a
high multiplicity of “paralleled”’ transistors, yielding both the
power and return loss capabilities.

(#7) The emitter follower configuration as the basic amplifier element,
providing broad band, high level performance owing to the large
self degeneration of that configuration.

(i77) A “feed-forward,” instead of a feedback, system for error conirol
and noise cancellation.

I. INTRODUCTION

There are times when problems arise in device implementation that
appear to be the product of the sheer perversity of the system de-
signer. Worst of all, he ean justify his need—as in the need to de-
velop a solid-state 10-watt amplifier between 60 and 90 Me, with
low intermodulation distortion, time delay distortion, and gain rip-
ple, with a high return loss, and with excellent time stability. Sub-
sequently, a similar need was expressed over a band of 25 to 35 Me.

A format of amplifier design was devised meeting these require-
ments and subsequent constructions justified the design philosophy.
While some of the techniques used are known, we believe that the
nature of their use here emphasizes latent potentialities which had
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not been generally apparent. In particular, a “feed-forward” error
compensation system is used which has parallels to McMillan’s and
Van Zelst’s generalization of Black’s error injection methods.’-* There
is a very specific recognition here, however, of the physical role
played by time, which dominates the form of the error network and
which provides, among other advantages, a means of arbitrary error
control of large time delay amplifiers which are intractable to feed-
back methods.*

We shall describe further the use of “corporate” amplifier binary
arrays using quadrature couplers and emitter-follower amplifier stages.
The word ‘‘corporate” is intended to suggest the process of a cor-
porate coordination of many sources to deliver their powers in some
desired collective mode, in much the same fashion as in a corporate
antenna. With respect to the emitter-follower amplifier, much to the
contrary usage of that device only as a unit gain isolation stage,
there are many advantages highly germane to its use as an amplifier
with certain basic advantages over the common emitter and common
base modes of transistor operation.

The name “feed-forward” error control scheme, coined to distin-
guish it from feedback, is fully descriptive. Error is detected, ampli-
fied, and injected after proper time delay in the forward time stream
of the amplifier, and error cancellation is accomplished over the en-
tire band of interest. The error, it should be emphasized, is com-
posed of ripples in the amplifier transfer function, distortions through
nonlinearity, and amplifier noise. To some extent the low level error
amplifier has noise; nevertheless, there is advantage gained in noise
performance by exchanging that noise for the much greater noise of
the higher power amplifier. Further, the feed-forward system makes
demands on the active elements of the system only within the band
of interest, and great advantage is gained in using more powerful,
lower quality transistors without the concerns of high frequency dis-
persion instabilities attendant upon conventional feedback systems.

II. CORPORATE POWER STAGES

2.1 Coupler Arrays
High-frequency transistors generally have a smaller dynamic range
than the lower frequency and power transistors. One may, however,

* During the late stages of preparing this manuscript, we learned of a patent
issued by the German Federal Republic to Heinrich Schmidt-Briicken in which he
recognizes time as a factor in error compensation. In Appendix 3 we compare his
implementations with present implementations, and we believe the differences are
significant.
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resort to transistor arrays to multiply the power capability inherent
in a single stage while retaining the high-frequency performance. The
notion of an array of elements to provide power is well within the
framework of conventional electronics as observed in the early ring
oscillator, an antecedent of the existing distributed amplifiers and
oscillators.

In the ring oscillator, as in the magnetron, there is a coordination
of the various elements into a collective mode. These modes comport
with the rotational symmetry of the ring and so are characterized by
eigenvalues which are the various rational roots of unity. Often the
modes are virtually degenerate and mode strapping and mode killing
techniques are a necessity to isolate the desired mode of operation.
This isolation is frequently marginal and mode-hopping is a well-
known consequence of improper excitation or loading of the system.

The difficulty in mode suppression stems from the requirement that,
for an n degree of freedom system, n — 1 modes must be suppressed
without hampering the transmission qualities of the nth. Further,
reactive strapping may operate, not so much to suppress, but simply
to alter the dispersion characteristies of the network permitting the
unwanted modes to pop out elsewhere and, often, with deleterious
effects. :

Seidel has examined the problems of active network synchroniza-
tion,* and the resolution of the problems of stability would appear to
exist through the use of hybrid or conjugate couplers with absorbing
suppressors. Basieally, through the use of couplers, the terminating
loads on the ideally unexecited ports provide exactly the n — 1 inde-
pendent ahsorbers needed; furthermore, these absorbers are precisely
where they should be to provide the necessary orthogonality against
absorption of the desired mode.

As opposed to the ring, the mode structure of the hybrid coupled
amplifier is not characterized by a simple eigenvalue description.
Turther, the forms of building the coupler array may be quite vari-
able and the choices reflect on considerations of some moment. There
are two particular considerations which are of major consequence.

(1) Out-of-band stability of the harnessed system
(1) Low level of multiple reflection in interconneection of amplifier
stages.

While these two considerations are phrased independently, a small
interdependence can exist.
With respect to out-of-band stability, assume the possible use of a
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transmission line hybrid such as, for example, a rat race or 3 dB in-
phase coupler. While meeting proper in-band specifications on match
or power, what are the consequences of performance of this harnessing
structure upon the element whose activity persists well beyond this
point? Further, with respect to the second consideration, what are the
proper harnessing formats to permit arbitrary caseading of elements
whose intrinsic isolations may, at best, be modest?

2.2 Quadrature Couplers

A solution which contains many practical advantages is the use of
arrays of lumped quadrature couplers. A quadrature coupler, as an
elementary device, is a matched reactive reciprocal four-port having
two orthogonal axes of symmetry. This characterization suffices to
endow the coupler with the following properties:

(?) Corresponding to an excitation port, labelled 1, there exists a
conjugate, or hybrid, port labelled 4.

(1) The entire incident power emerges in quadrature phase from
the remaining ports 2 and 3.

An evident symmetry of these coupling characteristics obtains with
respect, to rotations about the two symmetry axes. The about results
are demonstrated in Appendix 1.

When we apply the device symmetries to the above labelling
scheme we find the following scattering matrix:

0 8. Sa O
S 0 0 8,
Sa 0 0 8.

0 Ss Sz O

S = (1)

Application of the unitary properties of the scattering matrix, namely
the relationship §S = 1, yields

S12Sf§ + SIHS;: =0 (2)
Slzsl*z: + SIJSI*:; = 1. (3)

From (2) S = — 8,3(S%/8,,) which we substitute in (3) to provide
Siz - S?a = '@ (4)

83
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Equations (2) and (4) may be put in a more useful form. Equation (2)
provides that Re S,,8% = 0 so that S,,S% is imaginary implying that
S12 and S,; are in phase quadrature. Equation (4) leads to a result
which we shall employ erucially:

|Sf2 - S‘;):;l = ].. (5)

Equation (5) is of major importance, since it states that it is pos-
sible to use quadrature couplers in an all-pass arrangement, as shown
in Fig. 1, without regard to the frequency sensitivity of S;» and S;3.
Since this result is independent of the frequency sensitivities of the
matrix elements of S, it is possible to use the structural elements of
Fig. 1 to implement far more complex power divider arrays without
sharpening the frequency characteristics of transmission. Figure 2
shows a four-way all-pass division and the extension of a 2" division
is clearly evident. Figure 3 shows the harnessing of two 4-way dividers
to form the 8-way divider. Shown, to, for the first time, is the place-
ment of the elementary amplifiers.

There is a key shown in Fig. 2 which is the algorithm for patterning
the phase shifter arrays whieh introduce the relative 0° and 180°
phase additions. Given any 2" array of phase shifts, the pattern for
2" is given by forming the complement array and adjoining the lat-
ter to the former. For example, if the 8-way array from top to bottom
is (+——+4+—+4+—), where + and — have substituted for 0° and 180°,
respectively, the eomplement pattern is (—++—+——+) so that the
16-way pattern is (+——+—++—; —++—+——+), the 32-way is
(+——+—++—-——++—-+—+; —F++—F+——F+——+—++-),
and so forth.

Why quadrature coupler arrays instead of more conventional in-
phase divider arrays? Why introduce the complexity in phasing the
array? The essential answer is inherent in the simplest of the strue-
tures shown in Fig. 1. The coupler has a 3 dB split with energy
incident upon each of the amplifiers having 90° difference. Under

5;22_ Sl:s2
1 1 2 o° 2 1
3 4 0
-(_0_ _4 3 180° A —_—

I'ig. 1 — Quadrature couplers in all-pass arrangement.
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reflection from identical amplifier inputs the phase difference mounts
to 180°, as returned to the source, and a high degree of the reflection
is cancelled. On the other hand, the reflected energies return in phase
to the port conjugate to the input and are dissipated in a dummy load.

This technique, using 3-dB quadrature couplers to provide high
input return loss to arrays of mismatched elements, was first used
for short-slot couplers in radar transmit-receiver switches to prevent

ALL-PASS
|

o°

- 3
£ i

T
ALL-PASS WITH RELATIVE
180° PHASE REVERSAL

Fig. 2 — All-pass four way quadrature power divider.

mismatch back to the magnetron. While this technique has been ex-
tended to tunnel diode and transistor amplifiers, nevertheless the
specific arrays shown here differ in two basic respects:

(7) The arrays can have arbitrarily large multiplicity.

(1) All-pass transmission results from the use of 180° phase dif-
ference sections.”

The arrays shown in Figs. 1 through 3 were developed through
a graphical induction process. Their properties are, however, more
clearly phrased by returning to an analytic description. In terms of
the scattering coefficients, the transmission 7" and input reflection K
of the array are

T = (sz - Sfa)nt (6)

* The use of 180° phase difference sections and their application to high multi-
plicity dividers was independently conceived. Original recitation of their use in
two section dividers was made by E. A. Marcatilli, and D. H. Ring, IEEE
Profzesssional Groups Microwave Theory & Techniques MTT-10 #4 (July 1962)
pp. 251-8.
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Fig. 3 — Eight way quadrature divider with amplifiers.
and

= (ST + Sia)"k )

where ¢ and k are the transmission and reflection, respectively, of each
amplifier element and where 2" is the number of amplifier elements.

We observe from (5) and (6) that | 7| = |¢|, confirming the all-pass
construction.
At the center frequency of each coupler, | S, | = | 85| = 1/(2)}

and, via (2), there always exists phase quadrature. Therefore, S, + S,
vanishes at centerband and, whatever the multiplicity of that zero, (7)
shows the reflection zero to be raised to nth degree. Simple coupler
synthesis techniques permit an arbitrary multiplicity of the degree of
the zero and no major difficulty exists in obtaining octave performance
and much greater.

2.3 Coupler Economics

It is instruetive to consider the simplest couplers meeting the ob-
jectives of the amplifier to be constructed. The coupler enters into
the technical design of the amplifier with respect to the return loss
of the coupled amplifier array over the band together with a deteriora-
tion of the dynamic range relative to a single amplifier element. On
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the other hand, the choice of coupler enters into the economics as a
greater cost for a more complex coupler.

We shall find that the return loss is not the essential problem of
the array but that it is the dynamie range which is limiting. While
dynamic range deterioration does dominate the coupler choice, we
shall see that the degree of deterioration is not major and that the
feed-forward compensation may, in many instances, make the prob-
lem negligible. Let us now investigate both the return loss and the
dynamie range problems.

2.3.1 Return Loss

We shall consider two coupler types; one and two stage couplers.
Corresponding to the number of stages is the multiplicity of zeros in
the reflection factor, k&, of (7) over the band. We intend to discuss
these couplers in detail in another publication® and we shall consider
it sufficient here to state simply that the couplers are compact and
are composed primarily of lumped elements. They meet the charac-
terizations of Section 2 to a high degree over extremely wide band-
widths and all the properties described are met substantially in
practice.

We shall be concerned here only with the magnitude of k. Equation
(7) yields .

|K| =18l —|8Sul["| k] (8)

which produces the return loss L in db;
L =20nlogw || S |* — | 8w [*| + 20 logy | & |. 9)
Recognizing that [Si.|* + [Sis® = 1, from (5), equation (9) yields
L =20nlog,|2]|8.["— 1|+ 20logy| k| (10)

Let us choose a normalized frequency variable, @, such that
© = 1 at center band. We then assert for one and two stage couplers,
respectively, that

| 82 | = 1/1 + @° (single stage) (11)
and
| 812 ]2 = 1/1 + [1.5452 cos (20.6°Q) — 1.195Q° sin (20.6°Q)]*

(double stage) (12)

where the coefficients in the two stage unit are chosen such that the
power transmitted to port 2 and the power transmitted to port 3
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differ by the same amount at centerband and at the edges of a 1.5:1
bandwidth. The behavior of (12) is shown in Fig. 4.

For a specific choice of a 1.5:1 bandwidth, as was required for the
60-90 Mc amplifier, we find

2|1 8.]—-1=022 (single stage)
= 0.038 (double stage).

If we assume that our manner of use of the amplifier elements as
emitter followers produces |k| generally close to unity, we may
negleet its inclusion in (10) and

L = —13.16n dB (single stage) (13)
= —284n dB (double stage). (14)

The major need for high return loss resides in the interaction
between amplifiers, The dominant error produced by multiple reflec-
tions is the “third time around” incidence which is down from the
initially incident signal by the sum of the return losses of the output
and input of the first and second amplifiers, respectively. Since the
gain per stage exceeds 6 dB for emitter follower amplifier elements,
each stage is capable of feeding a next stage composed of four times
as many amplifier elements. Therefore, if the first stage contains
2" elements the second contains 27+2, If I; o = L; + L in dB. Then,
from (13) and (14)

L., = —26.32(n + 1) dB (single stage couplers) (15)

= —56.8(n 4+ 1) dB  (double stage couplers). (16)

0.60
0.58 //
0.56 \
‘ X=1.545
=206
0.52 N— /
0.50 \

N d

0.48
0.6 0.7 0.8 Q.9 1.0 11 1.2 1.3 1.4

Fig. 4 — Two stage couplier designed for 1.5:1 bandwidth.
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The fine structure in transmission ofr n = 1 or greater is very small
and represents extremely small power variation. This presents a
negligible taxation of the power handling capabilities of the feed-
forward compensation system which will wash it out. Under these
circumstances, the choice between single and double stage couplers
does not rest upon return loss considerations.

2.3.2. Saturation Power

We may find from (6) a means for characterizing the energy paths
through the coupler array. In much the same way as that in which
the Pascal triangle builds up the binomial expansion in terms of the
number of paths connecting two points, we may use the expansion
of (6) to enumerate the number of paths from input to output. As
an example, consider n = 3 which corresponds to an eight element
amplifier stage. We have

T = :S;‘z - 33:38?3 + 3833821 - STH}- (17)
As may confirmed using Fig. 3 as a guide, we have

(z) One path making six transitions of an S;s form

(1) Three paths making four transitions of an S;3 form and two
of an §;3 form, together with a net 180° phase shift

(71) Three paths making two transitions of an S;» form and four
of an 8;3 form

(=) One path making six transitions of an S;; form together with
a net 180° phase shift.

As is evident from this enumeration, different paths contain some-
what different amplitude content because of the frequency sensitivities
of the scattering parameters S;» and S;3. This suggests that the am-
plifiers are somewhat unevenly excited which must have deleterious
consequences to the net dynamic range of the composite amplifier.

Equation (17) contains too much information in that it does not
distinguish between paths prior to amplifier excitation, which would
bear on saturation, and paths leading from the amplifiers which have
only to do with collection, which do not bear on saturation. This
dichotomy into exciting and collecting paths may be accomplished
simply by factoring (6) into

T = (Sw + Sla)n(sli - Sm)”t-
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We then define two structure factors; an excitation funetion F, and a
collection function F,. We have

F, = (81 + 8i)" (18)
F, = (82— Sw)" (19)

If in Fig. 3, the 180° phase structures had been placed prior to the
individual amplifiers, F, and F, would have reversed in formulation.

From the point of view of saturation we are only concerned with
the form of the structure factor F,. Again considering an eight am-
plifier array which corresponds to n = 3, we have

F. = SL + 38?2813 + 3812 ?3 + S?s (20)

which provides the following excitation paths

(1) One threefold transition S;»

(71) Three twofold S;» transitions with one 8;3 transition
(#i) Three single S;. transitions with a twofold S,3 transition
(iv) One threefold transition S;;.

To form relative magnitudes, take the relative phase of S, to be 0°
and that of S;3 to be 90°. We have the following values at the lower
band-edge in a 1.5:1 frequency range.

Single-Stage Douple-Stage
Coupler Coupler
Si2 0.78 0.720
Sia 1 0.625 1 0.694

In Table I are tabulated the terms of (20) where the quantity

1

()
would represent the equal term values if the coupler were an ideal
3 dB power splitter. It is evident that the amplitude variations
shown in the F, column for the single stage coupler may be quite
significant and, while they are more modest for the double stage
couplers, they are, nevertheless, still present. Let us propose a harsh
model of saturation in which any one amplifier saturates completely
at the 0.354 level. In the SAT column of Table I are listed the relative
amplifier outputs after the application of saturation with the assump-
tion of no substantial phase shift effects.

= 0.354
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TaBrLe [— ExcrratioNn anp Qurpur TERM VALUES
FOR SATURATION MODEL

Value for Single Stage Value for Double Stage
Term Multiplicity Coupler Coupler
F. SAT F. SAT
Si2? 1 0.474 0.354 0.386 . 0.354
8122813 3 70.381 i0.354 i0.3585 10.354
812822 3 0.3045 0.3045 0.347 0.347
133 1 —10.244 —10.244 —10.334 —10.334
1
%n 0.354 0.354

If we recognize that the individual amplifiers are symmetrically
disposed between input and output, as shown typically in Fig. 3, then
the term value corresponding to the transmission from the input ter-
minal to the input of any one amplifier corresponds, within a minus
sign, to the term value for the transmission from that amplifier to the
output terminal. Therefore, to form the transmission magnitude under
this model of saturation, we sum the magnitudes, respectively, of the
product of multiplicity, the term value, and the value listed in the
saturation column, corresponding to each of the term values. Thus,
using the single couplers we have

T = t{0.474 X 0.354 4+ 3 X 0.381 X 0.354 + 3 X (0.3045)* + (0.244)%}
0.9095¢ (21)

while far the double stage couplers we have
T = t{0.386 X 0.354 + 3 X 0.358 X 0.354 + 3 X (0.347)" + (0.334)"}
0.9894¢ (22)

Corresponding to the single stage, eight element amplifier there is
a 0.88 dB distortion at the lower band edge while, corresponding to
the double stage coupler amplifier there is a 0.08 dB distortion, where
these distortions occur relative to an amplifier output at eight times
the saturation power of an individual elementary amplifier. The
implications of these distortions must be further elaborated, how-
ever, in relating the choice of couplers on the economics of the
amplifier.

The intent in design, from the beginning, was the use of a feed-
forward compensation system able to “clean up” amplitude distortions
of 1 dB at maximum power, namely, the use of a clean-up amplifier

(single stage coupler, 8 element amplifier),

(double stage coupler, 8 element amplifier).
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having about one-fourth the output power of the main amplifier.
While the 0.88 dB, corresponding to the single stage coupler, is within
the 1 dB clean-up capability, it does form a reasonably large propor-
tion of it. For many applications, however, amplifier power covers
the entire spectrum of the bandwidth and the proportion of the power
associated with the band edge is very much less than full power. Un-
der these circumstances, the clean-up capabilities are quite adequate.
If it is required to provide single frequency performance anywhere
within the band, then about 10 per cent power output reduction is
advisable.

The use of double stage couplers forms more of a fail-safe situation
and the feed-forward amplifier is barely exercised. This leaves the
feed-forward amplifier with its capabilities intact to handle phase and
gain distortions without the excess power demand introduced by pre-
mature saturation within the main amplifier. The cost, of course, is
in the use of couplers having roughly double the expense.

A further basis of choice of the double coupler lies in the use of the
amplifier without the feed-forward implementation. According to the
tabulation for the eight element amplifiers the term with the highest
degree of saturation is S%, which has an unsaturated value of 0.386
for the two-stage coupler as opposed to the saturation level of 0.354,
corresponding to a 0.72 dB saturation. Without feed-forward, this loss
of capacity of the full amplifier, namely 0.72 dB, would be required
to avoid any of the aspects of saturation. The corresponding penalty
paid using the single stage coupler is 2.52 dB, which might be too high.

2.4 Hybrid Power Divider Arrays

We have discussed power divider arrays using only quadrature
hybrids. It might be argued that it is required, at most, to be con-
cerned only with paired amplifiers since this is all that is required
to form adequate in-band match. After having performed such a
match then an arbitrary number of such pairs might be combined
using in-phase, as opposed to quadrature-phase, power dividers.

There are several objections. We list and discuss them in order.

Stability: Quadrature couplers have excellent match characteristics
from de to, typically, greater than three times their center frequency
of operation. Since match and isolation are directly related, the am-
plifier elements of a large quadrature coupler array stage generally
do not interact over the active range of these elements, assuring sta-
bility. The control of parasitics in an in-phase divider, particularly
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in a high frequency ferrite core type of divider, is not of the same
degree of excellence and interactions leading to oscillation are a more
severe problem.

Match: Assume that the array were composed of amplifier element
pairs coupled via quadrature couplers, with the remainder of the
array being in-phase dividers. The return loss from (13) and (14)
would be 13.16 dB at the lower portion of a 1.5:1 band for a single
stage coupler and 28.4 dB for a double stage, assuming the amplifier
to be a perfect mismatch. The economic advantage of the single stage
coupler is so major that, assuming an insistence on in-phase dividers,
and all other considerations aside, a minimum single-stage quadrature
coupling of four elements would be most desirable. This would lead
to a 26.32 dB return loss, which is generally acceptable.

Cost: By far the most major advantage of the lumped quadrature
coupler is its extremely low cost, particularly as a single stage device.
It is reasonable to anticipate a cost of a few cents, as opposed to
several dollars for other types of hybrids. In the vhf range an in-
phase divider is composed of a pair, or more, of multiply-wound fer-
rite cores (Ruthroff transformers).® Mierowave distributed couplers
are vastly more complex. A hybrid array of in-phase and lumped
quadrature couplers is far more costly than an array of quadrature
couplers only.

Power Handling: Amplifier arrays under development are yielding
typical average powers between 50 and 100 watts. It takes no great
leap of imagination to conjecture such amplifiers in the kilowatt to
multikilowatt range for any of assorted operations. Should any severe
imbalances oeccur within the array owing to the failure of a transistor,
an in-phase divider in the high power portion of the amplifier would
experience large internally circulating power. If the divider contains
high frequency ferrite transformers, burnout is virtually assured
because of ferrite heating. Lumped quadrature couplers are air-core
devices capable of tolerating kilowatt power levels without burnout;
the only limitation is the dielectric strength of the insulation, which
can be great.

2.6 A Two-Rail Array

While the authors believe the exclusively lumped quadrature cou-
pler array to have prominent advantages over other forms of organ-
ization, it is of interest, nevertheless, to show one specific situation
in which a hybrid system of in-phase and quadrature couplers has
certain advantages in construction.
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Consider a situation in which ferrite core implementations are not
realistic to provide the 180° phase shifts required for all-pass opera-
tion. Such a situation oceurs in the upper portion of the uhf region,
and beyond, where the ferrite magnetization can no longer follow a
rotation mode. Both in-phase dividers and differential 180° sections
become much more expensive and cumbersome, but let us assume that
the expenditure is warranted in providing two each of these afore-
mentioned devices,

Figure 5 uses the in-phase dividers in a fashion reminiscent of two
rail logie. Two universes are formed 180° apart via the in-phase
dividers and the differential 180° sections. Whenever a 180° phase
shift is called for it is accomplished simply by a symmetric inter-
change or transposition between the two universes. Thus, the cost
of a large multiplicity of 180° sections is reduced to that of provid-
ing only two, aside from the two in-phase dividers.

Another advantage is gained in respect to saturation. Figure 5 is,
in actuality, a doubled four-way quadrature divider to form an eight
element amplifier and, as such, has a lower degree of compression

o°
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Fig. 5 — Hybrid array of in-phase and quadrature couplers: doubled for way
divider to form eight element amplifier.
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than does a pure quadrature coupler array. Corresponding to (18)
we have forn = 2

r, = (Sw + 813)2 = »sz + 28,85 + Sfa (23)

Let us now consider only the single stage coupler for which we have
tabulation shown in Table II. Under the model of saturation proposed
earlier we have

I

T = t{0.5 + 2 X (0.487)" 4+ (0.397)"}

£{0.9362}. (24)

The transmission value of 0.9362¢, or 0.48 dB, in the double-four
amplifiers compares to the 0.88 dB compression relative to capacity
of the full eight amplifier array. There is less demand on the feed-
forward cleanup and power reduction is, therefore, unnecessary. Sin-
gle stage couplers, therefore, produce acceptable performance and
the resulting economy offsets the in-phase divider costs.

Having discussed the limitations of hybrid arrays, is Fig. 5 a
workable system? The two major questions one may pose are those
of power and stability. The experimental sections of this paper dis-
close that such a structure was successfully constructed for the 75
Mec amplifier. The ferrite loaded in-phase dividers were adequately
broad, extending beyond the range of significant transistor activity,
and stability was not the problem. However, the means to provide
power handling capability within the ferrite transformers was a
problem.

Assume that the amplifier were to be designed, not on a fail-safe
basis, but on the assumption that all stages operate appropriately.
Since the in-phase power divider (Ruthroff hybrid) has a conjugate
antisymmetric port, can this port be used to save the need for the
180° differential phase shifters? The answer is negative in that the
antisymmetry port would require power transformation through
the ferrite. Since the core must be small to avoid circuit parasitics, the

TaBLE 1I—SiNeLE StaceE CoUPLER

Term Multiplicity Value F. SAT
S22 1 0.608 0.5
812813 2 70,487 70.487
S1a? 1 —0.397 —0.397
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handling of large continuous power might cause burnout. The sym-
metry port barely excites the ferrite and its use is indicated.

The circuitry of a simple 1:1 transformer is much less complex
than that of a Ruthroff hybrid and the 180° section admits construe-
tion as a heavy core ferrite reversing transformer. In the event that
the power might yet be too high to sustain in the reversing trans-
former, simple nonferrite circuits are available which produce 180°
phase differentials over a 3:1 bandwidth.

As stated, this system does not contain the reliability feature dis-
cussed earlier. Transistor failure produces severe imbalance in the
array and ferrite excitation in the transformers would result, with
possibly deleterious effects at high average power. The specific am-
plifier design using the transformers with which the authors were con-
cerned, related to pulsed operation, and this failure possibility was not
significant,

2.6 Out-of-Band Filters

We have, up to now, considered in-band performance in which the
return losses of the various stages were adequate to suppress multiple
reflection effects. Out of band, the power split of the couplers becomes
highly unequal and the input reflection into a quadrature-coupled pair
of amplifiers approaches the amplifier reflection.

A simple fix for this unstable multiple interactions situation is
obtained through the use of band-pass multiplex filters. In band, these
filters provide excellent transmissions between various stages of the
filter; out of band, all energy is transmitted reflectionlessly into
dummy loads, with high isolation between the previously well coupled
ports.

The multiplex, or out-of-band filters, are themselves quadrature
couplers having a desired synthesis of |S;»|. The design through
quadrature coupler techniques® is made to assure the wideband match
required for stability. In the construction of the amplifier system,
the use of these filters was determined on a practical basis. If stages
directly feeding one another tended to oscillate, an out-of-band filter
was injected between them and a large margin of stability was
restored in each case.

2.7 Comparison with Distributed Ampliflers

The distributed amplifier is a chain of active elements in contrast
to the parallel-like arrangement of the binary complex tree. Since
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the exeitation varies along the chain one must reduce the gain of
each successive stage to preserve equal power output per stage. The
implicit assumption here is that each amplifier stage has been de-
signed for power output to the limit of its intrinsic power capability.
The gains of the various stages in sequence are clearly interdependent.

There are four major advantages of the coupler array over the
distributed chain:

(i) The gain profile along the chain in a distributed amplifier is
tailored to accommodate to a presumed performance of each stage,
and the net energizing of any one stage in the chain is a funection of
all those preceding it. Fluctuations of performance in time, or simple
tolerance effects, are cumulative. This is not true for the coupler
array in which each element is orthogonally energized.

(#) Imperfections along a chain produce multiple internal scat-
tering with a necessary result of rapid gain variation with frequency.
In a signal flow sense, each active element of the coupler array is
“hit”’ only once with substantially no multiple reflection.

(177) In the event of the failure of a single element of a distributed
amplifier chain, the transmission properties are greatly modified, pro-
ducing no fail-safe guarantees. Through the orthogonality properties
of the coupler array construction, the failure of any one active ele-
ment component simply causes its ordinarily contributed voltage to
be subtracted from the common mode without any catastrophic inter-
actions with the other properly functioning components. Thus, the
coupler array provides a fail-safe redundancy.

(7)) The return loss properties of a quadrature coupled array im-
proves with complexity. The return loss of a chain, contrariwise,
deteriorates with complexity.

The intrinsic return loss property of a quadrature coupled array
improves with inereasing complexity through the presence of an ever
greater number of parasitic-mode absorbers. A chain composed of
imperfectly isolated stages becomes ever more difficult to match with
an increasing number of stages.

2.8 Dynamic Range

It is evident that coupler distributed systems provide increased
power in proportion to the number of active elements. Notice that
this increased power output comes with little expense to the system
noise temperature over that of any one of the active elements, aside
from the copper loss of the couplers.
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The noise emission of any one amplifier is spontaneous and, as
such, is entirely uncorrelated with that of any other active element.
The coupler system is a 2* = N mode system and, with this lack of
internal correlation, each active element as a 8 function source equally
stimulates each mode. Of the N modes, N — 1 are absorbed in the
dummy loads, and only 1/N of this power finds egress. With N indi-
vidual sources, the output noise emission is N X 1/N of the noise
power of any one element, and so, is just the noise emission of one
of the elements.

The dynamic range of the system is given by the ratio of the power
at saturation to the noise power emitted over the amplifier bandwidth.
Since the upper limit of the power has increased by a factor of N, and
the noise level is unaffected, the dynamic range also increase by a
factor of N. It should be recognized that the dummy loads of the
coupler system occupy only ports orthogonal to the power transmis-
sion path, hence, none of these loads contributes to noise. It is con-
cluded, therefore, that the coupler organized power multiplex in-
creases dynamic range with insignificant noise figure deterioration.

III. EMITTER FOLLOWER AMPLIFIERS

3.1 General Considerations

The desire to deliver large power requires, in turn, a choice of an
active element compatible with that power, together with a capability
of supplying the cireuit demands for proper frequency behavior. High
power transistors always exhibit large internal capacitances and are
limited in bandwidth.

The major problems arising in a general design that uses power
transistors are the circuit complexities to realize the desired fre-
quency characteristics, and the reproducibility from device to device
for large variations of the internal parameters. The resolution of
these problems may be carried out effectively by means of the emitter-
follower amplifier.

The emitter follower, the analogue to the cathode follower, is gen-
erally used as a buffering device in transforming, at substantially a
unit voltage gain, between a high impedance source and a low im-
pedance load. While it is well recognized that power gain exists, a
means for obtaining voltage gain between equal impedances has been
viewed as demanding too complex a use of transformers in respect to
parasitic elements. The eminent desirability of the emitter follower
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comes, of course, from its large self-degeneration which makes its
response fairly impervious to internal parameter variations.

3.2 Marriage of Emitter Followers and Quadrature Couplers

Let us review some pertinent features of the ideal emitter follower,
where the connotation of ideal implies an infinite input impedance,
a unit voltage gain, and very low output impedance. Figure 6 shows
the insertion of an ideal emitter follower between a normalized
Thevenin generator and an equal impedance load. Since the open
circuit voltage is twice that delivered to a matched load, the generator
is characterized by a voltage of amplitude 2. The insertion of the emit-
ter follower, therefore, doubles the voltage ordinarily delivered by the
generator to the load, and a 6 dB gain results.

Fig. 6 — Thevenin equivalent of insertion of ideal emitter follower.

This gain, however, does not lend itself to a simple transformerless
cascade of emitter followers as seen in Fig, 7.* It is evident that hav-
ing achieved a voltage level of 2, this amplitude is transferred from
section to section without further enhancement. The fallacy in form-
ing this simplistic cascade is that match has not been restored from
stage to stage, remembering that it was precisely through the inter-
face of a matehed source and open circuit that the 6 dB gain was
achieved.

This situation is rectified by the use of quadrature couplers to pair
emitter followers as shown in Fig. 8. The harnessing structure of the
couplers forms an all-pass unity transmission network and the gain
takes place via the mechanism of Fig. 6. Since the couplers do restore
match, substantially, at the input as well as the output, this eircuit is
capable of iteration with return losses as given by (7). Specifically,
incident waves of amplitude S,; and S,; impinge, respectively, on each
of the emitter followers. Since each emitter follower is an open cireuit,
a voltage reflection factor of unity doubles each of these incident

* The lack of a transformer distinguishes this cascade from a Darlington net-

work in which cumulative power gain occurs only because of impedance trans-
formation.
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Fig. 7 — Transformerless cascade of emitter followers.

voltages, forming emergent waves of 2S,, and 28,, , respectively. The
termination is excited by an amount 2(S}, — S3,) which, from (5),
demonstrates a 6 dB gain.

Since the circuit of T'ig. 8 shows an inheent 6 dB gain, no trans-
formers are required to achieve this modest, but highly useful, gain.
However, a mild input or output voltage transformation might be
used to raise it somewhat beyond this value. From the point of view
of power generation, the stages shown in Figs. 1 though 3 might in-
crease at a four-fold rate. Such proliferation of circuit complexity
seems not nearly so modest.

3.3 Real vs. Ideal Emitter Followers

The ideal emitter follower is a most imperfect representation of
the real device. However, it is not too difficult to patch things up to
obtain a creditable performance within the frequency range of our
interest. Figure 9 is a simplified high frequency equivalent from
which we may deduce the more significant features of operation.

Define the following quantities:

Y =1+, =1+i>
W
1
TbCab:wb

[ Tzsiz

AN o 2(Sia? - 5%)
‘ —
QUAD QUAD
+ COUPLER = COUPLER
ol F— .
! '251at = !

Tig. 8 — Transformerless pairing of emitter followers through quadrature couplers.
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Fig. 9 — Simplified high frequency equivalent of terminated emitter follower.

FE, = Base signal voltage

E, = Output voltage at the emitter
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r = emitter to base drift time and is of order 0.6/w,. Analysis
yields the results

E, = {1 + :’.u + (1 — @) Y} E, (25)
cb
: (1 - "”“’) + 1, Y1 — a)
Z, = E, _ Weh . (26)
! 1, wC, + Y(1 — a) -

Since we are seeking nominally small gain we may, with good approxima-
tion, take ey = 1. Expanding, and dropping terms beyond w®, (25)
becomes

El = {1 + ?‘z.b[l — COS wT — @ (71 + 1')1
wWp Wy
+ tw I: 1 + T'bb('l_ + T)]} E,.
Wep Wa

The quantity r,, is small relative to unit loading and we may omit
the term ,(1/w, + 7) in contrast to 1/w,; . We have then

= of 1 T _ _T_2 w .
E1 h E2 {[1 - (wnwl + w; 2)1 + wcb} (27)

We perceive in (27) a negative real part resulting from the Miller
effect action with respect to C;. The tuning procedure demands flat
power gain, and we may offset the decrease of the real part in (27)
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against the rising imaginary portion to maintain constant magnitude.
Assuming small parasitics at the frequency of operation, the constant
magnitude condition yields

'!T = gl'hh( ! + T _

5
W,y Wald; W

) : (28)

ol e

A value of ©, always exists to satisfy (28).

According to (27) and (28), the voltage appearing at the base emerges
with unit gain from the emitter. The question, indeed, is what voltage
appears at the base? To determine it, we examine the input impedance
function given in (26) to within first order terms in w. We find

1 -
. 1
loat 24 )
wﬂ

Z1 = Tps + (29)

While (29) has a disconcerting form with respect to dimensions, as
does (28), that a unit terminating impedance is dimensionally concealed
in these results. Under these circumstances, r,, is small compared with
unity and we momentarily neglect it in comparison with the series
capacitance C,, + 1/w, + 7.

Assuming this eapacity not to be excessively large, it may be in-
corporated as a terminating element of a bandpass filter that has a
characteristic impedance equal to that of the generator. Over its
bandwidth the generator incidence is maintained to within the time
delay of the filter circuit and all the appurtenances of the ideal emit-
ter follower are realized; an incident signal is delivered at matched
impedance from the generator to the open circuit, and the voltage at
the input is transmitted to the output in substantially frequency-
independent fashion.

In general, this bandwidth is far larger than the 1.5:1 frequency
width desired and, corresponding to this gain-bandwidth availability,
tradeoff may be made with the bandwidth to enhance the gain by
using appropriate input circuit design. This cirecuit may also com-
pensate for 7, by providing high frequency peaking to offset it.

3.4 Linearity

While much has been said here of the linear behavior of the emit-
ter follower, the feedback which causes the emitter to follow the base
extends well beyond the region of linear characterization. In large
gignal excitation the interelectrode capacitances vary throughout the
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cyecle, causing nonlinear interactions with the circuit environment.
A particularly significant term is Cg, but its variation is greatly
damped by the generator impedance. Aside from the considerations
of frequency characteristics, it is the desire to maintain high gen-
erator damping that vitiates a greater use of impedance transforma-
tion to yield higher gain.

In class A operation the region of linearity is limited, in any event,
by current cutoff. In class AB push-pull operation the distortion takes
the form of a slightly different low and high signal gain. This last
distortion may well be the more insidious of the two and it is only
the use of the feed-forward system which makes it acceptable. This
acceptability is extremely significant because the push-pull class AB
operation, when operated near the class B state, has several advan-
tages over class A:

(7) Power supplies are substantially reduced.

(77) Since all of the transistor current is used to produce RF power,
and since twice the number of transistors are used, about four times
as much power is generated for the same amount of coupler hardware.

(111) Lower average currents yield wider band response because of
lower average internal capacitance. In actual measurement the limit
of the linear range seems closely identified with avalanche break-
down, for which there is the danger of thermal damage to the tran-
sistor.

There is a notable disadvantage in class AB operation, but it is
not too objectionable in a 50 per cent or less duty cycle amplifier.
As the exeitation varies, the average current varies, shifting bias
points. Further, the operating temperature may shift the quiescent
point in each transistor, significantly affecting low signal distortion.
However, an active clamp may be used which samples the off-signal
voltages and restores proper operating levels. This clamp is deseribed
in Section 6.8.

3.5 Economics of Coupler Organized Emitler Follower Amplifiers

While i1t is implicit throughout the technical descriptions, one
general feature which must be stressed is the significant economy
possible through emitter followers. Because of its large internal nega-
tive feedback, reproduction of the transistor becomes a problem of
relatively negligible proportions.

In contrast to the situation in which refined transistor devices may
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be improved in yield, we have a situation in which frankly cheap
devices are used to provide an adequate yield. The low potential
costs of quadrature couplers and relatively inexpensive transistors,
operating well beyond their traditional ranges, forms the prospect of
much less expensive, high performance amplifiers.

Acceptable within this framework may be a moderate aging of
semiconductor parameters, usually a bugaboo in device manufacture.
Its importance is diminished not only through the degeneration of-
fered by the emitter follower cireuit, but by the feed-forward provi-
sions as well. Thus, cheaper encapsultations might be permitted
than otherwise would be, admitting possibly consequential cost re-
ductions in transistor fabrication.

IV. FEED-FORWARD

4.1 Feedback vs. Feed-Forward

Much of the development of the high power amplifier stands or
falls on the ability to devise a proper error correcting system. As
stated in the introduction, the choice made in the design of this
system, if indeed a choice was open, was a “feed-forward” construc-
tion.

In the late 1920's, H. S. Black conceived of feed-forward as well
as feedback, and his patent disclosures show either grid or plate
injection of the error signal.® The grid meant back injection whereas
the plate meant forward injection and either was adequate to within
180° of phase. Clearly, the plate injection was at a higher level and
required subsidiary amplification, while grid injection ingeniously
reused the same amplifier.

With an oceasional, but short lived, resurrection, feed-forward fell
into a general disuse until independent revivals by McMillan and
Van Zelst.?: 2 These were followed by further activities by Deighton,
Cooke-Yarborough, Miller, and Golembeski.>” The essence of the
MecMillan and Van Zelst disclosures was to combine both techniques
of Black by providing frequency shaping networks simultaneously in
feedback as well as in feed-forward. The aim was to provide channel
redundancy as well as parameter desensitizing. The Deighton paper
uses this technique to stabilize a particular circuit of a pulse amplifier
while Golembeski has represented a generalized parallel channel con-
figuration and developed a synthesis procedure and realizable condi-
tions.
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Even though the basic inadequacy of feedback techniques were evi-
dent, we developed the feed-forward compensation system because
we needed to provide stable correction to an amplifier that had a rela-
tively large time delay. Indeed, simple physical insights not only
repudiate the use of feedback but force use of the alternative, for our
case.

Feedback, a technique which has been used with much success,
attempts a causal contradiction: after an event has occurred, reshape
its cause. This violation may be resolved only by time smearing the
event to blur the distinction between “before” and “after” to an
adequate degree. This smearing requires a prescribed control of spec-
tral response; a craft too well known to presume further comment.

Feed-forward evolves from entirely different premises, avoiding
causal anomaly.® Instead of seeking to reverse time, it recognizes the
passage of time. Error is determined in relation to a time-shifted
reference and corrected in a time sequence compatible with the main
signal. No obscuration of time is permitted and frequency shaping
to attain stability is irrelevant.

The fact that frequeney shaping (that is, control of the return
ratio function) is irrelevant is of major importance. A feedback am-
plifier consumes a good portion of its gain-bandwidth figure of merit
in controlling the return ratio well beyond the band of interest to
prevent instability.

The power transistors demanded for economical construction of the
power amplifier clearly are not geared to high frequency application.
To obtain the needed bandwidths, gains must be kept modest. The
amplifier, then, would be built of a sufficiently large number of stages
to offset the gain consumed in a feedback correction. With this num-
ber of stages, however, the excess phase would mount to such degree
as to be beyond control in a feedback system.

The feed-forward system has three strikingly important features:

(1) Feed-forward correction does not reduce amplifier gain.

(#7) Gain-bandwidth is entirely consumed within the band of in-
terest.

(111) Feed-forward realization is independent of the magnitude or
shape of the amplifier time delay and it exists in general.

We demonstrate these features in the following section. The major
point to be made here, however, is that it is not a question of feedback
vs. feed-forward as a choice, but as a necessary engineering decision,
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4.2 Detailed Description of Feed-Forward Operation

Figure 10 is the general block diagram of the feed-forward cor-
rection system. Input signal is divided into two portions; that going
into the amplifier and that entering a reference path. The signal is
amplified through the main amplifier A and a sampling is taken
through a directional coupler with very flat coupling 1/G, where G
approximates the in-band gain of A. This sample is compared with
the reference path signal which has been delayed a time r, a quantity
approximately equal to the time delay of the main amplifier.

A time-shifted error is thus obtained and it is amplified by a sub-
sidiary amplifier whose gain G’ is such that this error is restored to
the appropriate level to cancel the error of the main amplifier. If
the subsidiary amplifier consumes a time roughly equal to 7/, a time
delay of that value is inserted in the main amplifier path. The injec-
tion of the error back into the main line takes place through a reactive
two-port, shown typically as a transformer.

The choice of a reactive two-port, as opposed to the use of a coupler
four-port, is made irrespective of the ordinary desire of keeping the
outputs of both amplifiers decoupled. While a coupler would isolate
the subsidiary amplifier from the main amplifier, the cost of energy
losses of the subsidiary amplifier into the dummy loading of a coupler
would be unacceptable. ’

While we have emphasized the care to be taken with time delay,
there is an implicit condition within the phase specification to produce
error cancellation. Since time delay is the slope of phase with respect
to frequency, assuming small phase curvature, it is adequate to adjust
phase at but a single point in the band and have it track throughout.
In the event that the main amplifier and the subsidiary amplifier had
large phase eurvatures, then = and 7/, respectively, would require more
complex realization than simple delay lines; they would have to incor-
porate the same curvatures as well. Evidently, this may be extended
to yet higher phase derivatives with respect to frequency.

e Qr .

| — > 1/G \0s

Fig. 10 —One loop feed-forward network.



678 THE BELL SYSTEM TECHNICAL JOURNAL, MAY-JUNE 1968

As indicated, the gain and phase of A and the gain and phase of
G/, are known only to within some first order tolerance. Via the cou-
pler 1/G and the time delay =, strict gain and phase standards are
set with which to compare the amplifier A. These form a Procrustean
bed such that anything within A that does not fit these standards is to
be treated as error, and chopped off or stretched. In proecessing just
this error portion through G’ and +, first order errors of the latter
two quantities only produce negligible second order quantities in
error correction.

Having “feed-forward compensated” the amplifier A in this man-
ner, it is quite proper to consider this circuit complex as a new
amplifier, B, which is to be “feed-forward compensated.” Since B
has desired performance to within second order errors, this new com-
pensation would reduce the errors to third order errors. This method
of successive compensation may be iteratively compounded, control-
ling errors to a very high degree. A two-loop system is shown in
Fig. 11.

4.3 Transformer Design for Error Injection Circuit

As already discussed, the use of hybrid couplers for error injection
is avoided, since any such matched device leads to excessive power
loss to the system. If, for example, the coupler provided equal power
division, then a 3 dB power loss would be sustained by the main
amplifier. If a division ratio more favorable to the main amplifier
were used, the consequences to the subsidiary amplifier might well
prove disastrous. It could be called on to deliver a greater power
than the main amplifier, in some instances, to compensate moderate
errors in that main amplifier.

We will try to design a feed-forward compensation system that can

Q= .

Nz

G2

Fig. 11 —Two loop feed-forward network.
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correct the main amplifier over a range of about 1 dB, using trans-
former injection.
Appendix 2 shows that the optimum transformer ratio is

N = \II‘T" (30)

under the condition that the subsidiary amplifier sees a matched load
when it is correcting the peak relative in-phase voltage error, 8,. At
this point the power being delivered by the subsidiary amplifier is

8y

P‘=1—a,,

P, (31)

where P,, is the main amplifier peak power. It is shown that the
mismateh introduced by the transformer results in no loss to the
power output of the system, only a small loss of gain, so there appears
none of the loss that would be associated with a hybrid coupler instru-
mentation. In our case of 1 dB correction, 8, = 14, for which N2 = 7.

The analysis shows another interesting feature. If, with no feed-
forward eircuitry present, a relative distortion oceurs at peak power
approximately equal to 28,, then:

(1) In the presence of feed-forward circuitry the power gain is
depressed by a relative amount 8,, so that the power necessary to
produce an undistorted output is only 5,. :

() This residual distortion power of 8, is contributed by the
subsidiary amplifier.

(1?) In this sense, a subsidiary amplifier power capability of 8,
controls a distortion of 28,.

The above design takes into account the in-phase errors, mainly
in-phase compression in the amplifier at peak power. Another considera-
tion is the ability of the above design to compensate for phase distortion.
It is shown that, if the maximum relative quadrature voltage at peak
main amplifier power is ¢5/ , the relation between this and the maximum
permissible in-phase voltage error is

5 =

(X1

B - (32)

Then the same system which will correct a 1 dB amplitude error with
6, = % will provide a phase correction of + arctan & = +3.6° at
maximum main amplifier power.

The above might seem a small phase correction range but remem-
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ber that the main amplifier consists of an array of emitter follower
amplifiers. To within small variable transit time effects with high
power, the emitter follower amplifier would tend to saturate as a func-
tion of instantaneous excitation. Hence, satuation effects would tend to
be in phase and would not seriously tax the range of quadrature cor-
rection capability. Nevertheless, from the equalization point of view,
it would be well to limit phase ripple peaks to below 2° before apply-
ing feed-forward correction.

We emphasize that the numerical results obtained above correspond
to the worst case and should not be used inflexibly. For instance, there
might be some best phase positioning of the subsidiary amplifier along
its transmission path to optimize the phase correction range. Or suit-
able judgment might suggest an optimum trade-off between in-phase
and quadrature error correction in a specific construction.

Appendix 2 also considers two questions concerning match within
the system. First it shows that, even though the subsidiary amplifier
is mismatched at less than maximum excitation, reflections within
the error correction loop can never be phased so as to demand either
more current or voltage from the subsidiary amplifier than is de-
manded at peak power. Second, it considers the output mismateh and
the use of nonoptimal transformers.

The term nonoptimal is meant to suggest that the transformer is
not optimally designed to minimize the power demand on the sub-
sidiary amplifier. As shown, a non-optimal transformer yields the
advantage of simplifying the problems in providing very high output
return loss from the amplifier system, but at major cost to the sub-
sidiary amplifier,

4.4 Circuit Modification for Optimal Noise Performance

As discussed, the dynamic range of a coupler organized amplifier
is raised at the saturation power level in proportion to the number
of active elements without deteriorating the noise level of the system,.
This promises a dynamic range increase of only a factor of N. It is
possible to obtain much more spectacular ratios by a noise exchange
with a low noise subsidiary amplifier. This improvement is of major
significance since the active elements are individually high power
devices emitting large noise powers and advantage is to be gained,
in providing dynamie range, by working at the low end of that range.

We emphasize that the subsidiary amplifier in the feed-forward
system has an entirely different function in noise reduction than does
an amplifier used as a low noise preamplifier. In the latter use, the
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amplifier must sample the entire signal range and, intrinsically, limits
dynamic range. The subsidiary amplifier, on the other hand, handles
only the spontaneous error and, consequently, a negligible portion of
the coherent signal range. Therefore, the dynamic range of the sub-
sidiary amplifier may have virtually no relationship to the dynamic
range of the system it controls.

4.4.1. Major Considerations

The feed-forward or subsidiary amplifier has a considerably lower
dynamic range than does the main amplifier, With multiple feed-
forward looping, as indicated in Section 4.2, the dynamic range of
the ultimately controlling amplifier may be extremely small, yet
adequate. The low power requirement of the subsidiary amplifier in
such use may be turned to advantage by designing for relatively low
noise figure performance.

The noise of the main amplifier is an erroneous output which the
feed-forward system corrects. However, noise generated by this sub-
sidiary amplifier is introduced in the process. The advantage of such
an exchange would be lost if the signal-to-noise ratio of the subsidiary
amplifier were to be lessened by the use of significant power division
at the input to the reference path.

Figure 12 shows a modification of Fig. 10 to achieve optimal noise
performance. Couplers C; and C; are made to direct most of their
power to the subsidiary amplifier G’. While the gain of amplifier A
must be made larger to offset the coupling loss of C;, this increase is,
in principle, irrelevant. The worsened noise figure of A is of no con-
sequence since the error cancellation of the feed-forward system sim-
ply treats the additional noise as additional error.

4.4.2. Nonideal Behavior

Of course, what we have just stated is an ideal view; the eanecellaticn
is imperfect. The primary source of this imperfection lies in the varia-

| LA Q T! )
. MATCHING

NETWORK

Fig. 12 — Modification of feed-forward network to improve noise performance.
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tions of the subsidiary amplifier, which is uncontrolled. A realistic
quantitative assumption might be a power transfer variation of X5
per cent over the frequency range or a peak voltage transfer variation
of 21 percent. This latter number limits the cancellation to a power
ratio of (0.025)° or 32 dB. Let us assume further that C, is a 12 dB
coupler, increasing the excess noise of the main amplifier by that amount.
Nevertheless, even with a reduction of the 32 dB cancellation possibility
by 12 dB, the net noise of the feed-forward compensated system is the
sum of the excess noise of the subsidiary amplifier plus a 20 dB reduced
excess noise of the main amplifier. Since the subsidiary amplifier noise
is presumed minor, relative to that of the main amplifier, this represents
a major gain in performance. We have neglected the small transmission
loss of C, which deteriorates the noise performance slightly.

In multilooping along the lines of Fig. 11, successive reductions of
the above order may be accomplished until the noise of the lowest
excess noise subsidiary amplifier stage dominates the process. Because
of the rapidity of convergence it is questionable whether more than
three subsidiary loops would ever be meaningful with respect to noise
minimization.

4.4.3. Subsidiary Amplifier Stabilization

Since the limit of noise cancellation of the high power amplifier
relates to gain variations of the subsidiary amplifier, we suggest an-
other form of multilooping, differing from Fig. 9, in which the subsid-
iary amplifier itself is feed-forward stabilized. We believe that this
variant, shown in Fig. 13 is inferior to that of Fig. 11 in that a much
more restrictive tolerance is placed on couplers C; and Cj. This is so
because the error determination is now only “one shot” with reference
to the main amplifier as opposed to the progressive error sampling of
the earlier system.

A Q - ]
MATCHING
_I >=<C, NETWORK [

Fig. 13 — Modification of low noise system in which subsidiary amplifier is
stabilized.
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Nevertheless, the looping progression shown in Fig. 13 requires
that some weak subsidiary amplifier only be confronted with a next
stage merely one degree higher in power. In contrast, Fig. 11 requires
that all subsidiary stages work into the highest power level of the
system. That this might be a consequential difference is not yet clear.

4.5 Subsidiary Amplifier Gain

In the development to this point we have given the relationship
between subsidiary amplifier gain and main amplifier gain in various
implicit forms. Here we explicitly state this relationship in terms of
the insertion power gain G,, of the main amplifier and G, of the sub-
sidiary amplifier,

Let us form a skeletal schematic of the levels of power flow in the
full amplifier, which is shown in Fig. 14. We define the following
quantities:

L,—Loss through input power splitter to main amplifier
L,—Loss through input power splitter to subsidiary amplifier
L!—Loss through the error coupler to subsidiary amplifier.

If we particularize the circuit between the subsidiary amplifier
output and the load, 1 + 1/N?, we find the equivalent shown in Fig.
15, whereas the output of G,, to the load is shown in Fig. 16. The
amplifiers ,, and G, are each normalized to a unit impedance and,
through Figs. 12 and 13, we define the transfer functions 7', and T, to
the load, 1 + 1/N?, which we determine to be

N
and
N2
Tm = 1 _|_ Nz‘ (34)

LOAD
ﬁ >< s
Gm N 1
2

Fig. 14 — Feed forward amplifier schematie.
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[o
1+ ==
Gsg N 1 N2
L 1

Fig. 15 — Equivalent circuit as seen by the subsidiary amplifier.

The nature of feed-forward correction is such that the overall
transfer power from the input through the main amplifier path
equals that through the subsidiary amplifier path. This provides

Ts , _ T.G.
L, LLY’
which, through (33) and (34), yields

Gm

a. L,
Equation (35) determines the differential gain of the subsidiary am-
plifier over the main amplifier.
We may quantitatively evaluate the differential gain for a par-
ticular, but typical, low noise figure amplifier. For this amplifier we
have

G, _ N'LL. (35)

La
L.,

L’ = 1.07 — 0.3 dB,
20 — 13 dB,

and
N? = 9 — 9.55 dB.
The differential gain, in dB, of the subsidiary amplifier is, in this case,

9.55 + 0.3 + 0.3 — 13 = —2.85 dB.

In this ealculation we find, as a practical matter, that the subsidiary
amplifier actually has a smaller gain than does the main amplifier
in a low noise configuration.

1
N2
Gm 1+

Fig. 16 — Equivalent circuit as seen by the main amplifier.
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4.6 Sampling Via Directional Coupling

The causal arguments, which motivate the development of this
form of amplifier, imply that all sampling be done in a strictly or-
dered time sense. This requires sampling devices which are well
isolated from reflections within the system which appear as events in
improper time sequence.

Figures 12 and 13 shows the use of directional couplers for sam-
pling. Let us assume for the moment that the output of the main
amplifier, A, is perfectly matched. Under the circumstances error
injection by the subsidiary amplifier G into the final transformer has
only backward component of wave travel through the coupler C.
and no feedback occurs to that amplifier.

If the output port of A is mismatched, any reflections of the in-
jected error signal create a new forward wave representing undesired
signal. However, the undesired signal is sampled by C., treated as
an error, and corrected via the correction loop.

Energy reflected back into the system from a mismatched load is
similarly handled. Thus, in the steady state, the directional character
of C., has acted to preserve the preseribed net emergent signal. To
the extent that a coupler has finite directivity this ideal is blurred, but
couplers with high directivities are available in practice and the
idealization may be met to high degree.

Aside from its use to eliminate parasitic feedback paths, the sam-
pling coupler stabilizes the main amplifier output impedance and
provides for a high output return loss. As we have already discussed,
the fixed amplifier system has an unusually high degree of linearity
and, as such, is entirely describable by a Thevenin equivalent. Let us
then, in gedanken fashion, measure its output impedance, which is a
physieally meaningful quantity.

To measure the system output impedance, a wave emanating from
an external generator is made incident upon the output terminals,
and its reflection measured. From Figs. 12 and 13 we can see there
is a first reflection from the series impedance imaged through the
1:N transformer, and a second reflection from the main amplifier
itself. However, as we have seen, this second reflection is negated
via the coupling through C. back to the subsidiary amplifier.

By design, the effect of the transformer is small and any mismatch
of the subsidiary amplifier is a thoroughly negligible second order
effect. The net input to the output terminals therefore appears as a
resistor of normalized value 1/N? in series with a perfect absorber;
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a total resistive impedance of 1 + 1/N2. Since N? = 7, the mismatch
to unity is relatively small and a simple matching section may be
used to produce a large return loss across the band of interest. Most
importantly, this return loss relates only to the quality of passive
circuits and is essentially independent of the active system.

A simple catechism helps us form an effective perspective in rec-
ognizing the role of directional coupler sampling in error correction
in relation to the two other, better known, types.

(7) Voltage sensing produces an unvariable emergent voltage, mak-
ing the source impedanceless.

(%) Current sensing produces an unvariable emergent current, mak-
ing the source admittanceless.

(71) Incident wave sensing produces an unvariable emergent wave,
making the source reflectionless.

Within this context, the use of directional couplers to provide in-
cident wave sensing is not limited to only the feed-forward system
deseribed here to produce a highly matched generator.

4.7 Parallel Literature on Feed-Forward Technique

It seems clear that the presently described structure is closely
related to the previously mentioned class of redundancy and desensiti-
zation networks.> > 7 Nevertheless, we feel that we emphasize certain
important points in this paper that are contained, but not obvious in
the general treatments:

(1) The significant role of matched delay is cited, from causal con-
siderations, as the basic means of providing a degree of correction
realization unavailable in feedback. The degree of correction is
arbitrary.

() The absence of stability considerations in feed-forward.

(12) Realization of full gain-bandwidth, fully consumed within the
band of operation, without restriection on the degree of correction.

(7v) The advantages of the use of unequal amplifiers with respect
to noise figure.

(v) Use of coupler sampling both for stability and high output re-
turn loss.

(v7) Transformer injection of the error correction to minimize loss
of power capacity.
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V. SPECIAL COMPONENTS CONSIDERATIONS

It is intended to review the coupler art elsewhere; we are not con-
cerned with it here. Indeed, the couplers that we used were com-
merecially available items* and were not, themselves, the source of any
general concerns.

There were, however, certain specific concerns in the experimental
developments which did not materialize. While they did not manifest
themselves for our particular equipment, they still might show up in
other circumstances.

5.1 Error Injection Transformer

While not in exact correspondence with the specific values chosen
for the mathematical model, a 3:1 transformer is close enough to the
value needed and generally ean be constructed over the necessary
bandwidth range at the frequencies of interest. The major concerns
were the practical one: can a ferrite loaded transformer sustain the
power levels flowing through it?; and the hypothetical one: what if
the frequency range were beyond the capabilities of ferrites?

In seeking other realizations of the transformer, one must ap-
preciate that the transformer shown in Fig. 14 is little more than a
schematic format of the circuit. Specifically, the transformer is a re-
active reflection isolating the subsidiary and main amplifiers. Any
other reactive two-port having the same insertion loss would, accord-
ing to Weissfloch,? be equivalent to the transformer to within the in-
sertion of phase corrections at each of the ports. Further, the error in-
jection might take the form of a dual shunt current feed as opposed to
the series voltage form and, as such, there are quite flexible options in
design. ‘

While there is hardly a dearth of networks to produce the desired
circuit function, we shall develop one which seemed simply suited for
synthesis. Figure 17 (a) shows a tee of inductances. The power trans-
mission |7?| vanishes at zero and at infinite frequency without any in-
tervening singularity so that, as shown in Fig. 17(b), a stationary
transmission value exists. If the eircuit is modified as shown in Fig.
18(a), by introducing the shunt capacity C”, a high frequency propa-
gating region is introduced as observed in Fig. 18(b). With appro-
priate proportioning of the capacitance an inflection region is intro-
duced at the point of stationarity and a flat insertion loss region is
obtained. This flat insertion loss may be corresponded to the trans-

* Merrimac R&D Co., West Caldwell, N.J.
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72|

o W —>

(a) (b)

Fig. 17— Network with stationary transmission.

former N within the Weissfloch equivalent and the various component
values are shown in Fig. 19.

For completeness we provide the relevant formulations. If L is the
numeric power insertion loss, we have

1 1\?
L=1+1 N_ﬁ; (36)
_ , V/3L" ( w \/57) - ]2_
L—1+[(AJL +1+6L;2_3L4 ‘\/EE?_ w (1+wL) 3
(37)

1+ 6L"” — 3L"
=28 ; (38)

and
!

o = 2L (39)

1 + 6L — 3L™"

The net results of these machinations are shown in Fig. 20. Since
the network has a relatively high inductive impedance at midband, a
short transmission line @ is used to present a resistive input. Thus input
impedance is a minor perturbation and frequency effects are corre-
spondingly small but, if desired, a low @ resonator matching network
in tandem with the load may be employed for higher degree matching.

) —

(a) (b

Fig. 18 — Modification to produce an inflection point.
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Fig. 19 — Component values for equivalent transformer.

The load conductance Gy, is equal to 1 + 1/N* in dual fashion to series
injection form shown in Fig. 21.

5.2 180° Phase Differential Networks

The 180° phase differencing networks are staples of the interconnec-
tion formats we have described here. They can be realized to a good
degree in the tens of magacycles range as a pair of mutually reversed
ferrite transformers together with capacitive compensations to account
for the differences in the way in which the winding capacitance is en-
ergized.'® There was fear that the power handling capacity might prove
excessive for the ferrite or that the parasitics might dominate. These

1+—= GL
1
2v
M.;IN

AMPLIFIER

SUBSIDIARY av
AMPLIFIER

Fig. 20 — Shunt error injection using transformer network equivalent.
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Tig. 21 — Thevenin equivalents of subsidiary amplifier feed into main amplifier
output circuit.

were exactly the anticipatory fears with relation to the injection trans-
former and, in precisely like fashion, the fears proved groundless at the
power level and the frequency range of operation.

Nevertheless, there is the question of what to do in the event that
ferrite transformers are unrealistic. We use a single section quadrature
coupler together with a technique credited to E. M. T. Jones to
produce the desired realization. Jones’s technique recognizes that
the transmission between the input and its conjugate port, in a sym-
metrically mismatch terminated quadrature coupler, is directly propor-
tional to the reflections terminating the coupled ports. The transmis-
sion in such a device whose eoupled ports are short-circuited differs by
180° of phase from that same device coupled into open circuits.

Equations (10) and (11) show a single section coupler used in such
application to have only a relatively narrow band for high return loss
and that the transmission is more akin to that of a resonant section.
Further analysis shows, indeed, that the identification with a resonator
is a very good one and that the conventional technique of adding prior
and subsequent resonators to form a filter chain is entirely applicable.

With the coupled ports open-circuited, the equivalent circuit is ex-
actly a series resonator with both the inductance and capacitance cor-
responding perfectly to unit impedances at band center. A maximally
flat three section filter chain is constructed by bounding this resonator
on both sides with shunt resonators composed of elements possessing
exactly double unit impedance.

If the coupled ports are short circuited, a dual situation results. The
coupler equivalent is a shunt resonator composed of unit admittances
and the bounding networks are series resonators composed of elements

of twice unit admittance.
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Since the open and short circuited couplers are perfectly dual struc-
tures, the 180° phase difference is perfectly maintained irrespective of
frequency. The bandwidth of the structure pair is about 3:1 before the
onset of any significant transmission loss; this results in an eminently
practical component.

VI. REALIZATIONS

6.1 Motwation

The above philosophies and design considerations have been realized
in the construction of two amplifiers intended for testing dispersive
ultrasonic delay lines in the 60-90 Mec and 25-35 Mec ranges. The large
loss inherent in these devices made necessary large power output while
the dispersive nature of the delay imposed the requirements of linear
flat gain with little intermodulation distortion. Since the delay line
represents a nearly lossless capacitive load on the amplifier, the latter
must be a well matched device in order to prevent large interaction ef-
fects between amplifier and delay line.

6.2 60-90 Mc¢ System Performance

The first development undertaken was the 60-90 Me amplifier.
During the course of this project we learned much about the operation
of a feed-forward system. This increased sophistication was applied to
the subsequent 25-35 Mec system. The first amplifier is shown in Fig. 22,
and it is seen to be a single stage feed-forward system with its input
sampling loop and its output error correction loop which is capable

FILTER —o—{ S— T %o INJECTION
A — NETWORK [0
AMP ‘ ¥
i
SAMPLE |

COUPLER /
EQUALIZER / AMP

PRE—- AMP

/

/ L
l PHASE SHIFT
@ l-—— NETWORKS

PAD

POWER DIFFERENCING FILTER
DIVIDER | NETWORK ~_ A

N /] PRE-AMP

N R

Cc B

Fig. 22 — 75Mec feed forward system.



692 THE BELL SYSTEM TECHNICAL JOURNAL, MAY-JUNE 1968

of supplying one quarter of the main amplifier power. This amplifier
delivers 10 watts average power in CW operation (20 watts peak) to
the 0.1 dB compression point.

At this power level the phase distortion is 1.25 degrees (see Fig. 23)
at 75 Me. The swept response across the band is shown in Fig. 24 both
for small signals and at maximum power output. (The dashed curve
shows the system response with the correction circuit disabled.) A
sensitive measurement was made of the small signal gain and phase
across the band (Figs. 25 and 26) which showed +0.1 dB gain ripples
superimposed on a 0.5 dB slope* and #+2° phase deviation from con-

|
|
I
! T
GAIN IN 0 |
DECIBELS |
- i
\
| __—— 10 WATT AVERAGE
‘r“ POWER OUTPUT LEVEL
\
[
|
I
[
%
1
PHASE IN L o
DEGREES i —
- i
\
L | | | | | 1 _
0 -2 -4 -6 -8 -10 -2

RELATIVE SYSTEM INPUT POWER IN DECIBELS

Fig. 23 — System gain and phase at 75Mec as a function of input power.

stant time delay (linear phase vs. frequency) out of a 1300° phase
variation across the band.

6.3 Couplers in 60-90 Mc System

The couplers, used to pair amplifiers in the preamplifiers and in the
more general harnessing in the main power amplifiers, were double
stage quadrature hybrid couplers purchased from Merrimac Research
and Development Co. (see Sections 1.2 and 1.3, and Fig. 27. The trans-
fer characteristics of this coupler are shown in Fig. 28 and the input

* The 0.1 dB ripples may have been partially due to a procedural error in
the operation of the test set used for the measurement.
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mateh with two identical total reflections in Fig. 29. This last figure
points up one of the main advantages of the quadrature coupler type
of organization; the fact that input match is maintained for arbitrary
port termination as long as the two terminations are identical.

—— e T e

300 MW AVERAGE
POWER OUTPUT

—— FEED FORWARD ON
=== FEED FORWARD OFF

10 WATT AVERAGE
POWER OUTPUT

fo
\
70 80 90 100 110
FREQUENCY IN MHzZ

40

Fig. 24 — 75Mec system output as a function of frequency.
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Fig. 25 — Gain variation with frequency at low power output.

6.4 Amplifiers in 60-90 Mc System

The preamplifiers shown in Fig. 22 are composed of an input pair
of low-level high-gain amplifiers and enough stages of intermediate
power emitter follower pairs emitter follower pairs (Fig. 30) to pro-
vide sufficient power to drive the main power array of emitter fol-
lowers (Fig. 31).* All emitter followers are biased to class A operation.

*The amplifiers used were based on designs and models provided by R. V.
Goordman and R. C. Petersen.
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_Fig. 26 — Phase deviation from linear phase vs. frequency behavior (Constant
time delay). Average time delay = 2.5usec.

The high gain amplifiers are of a broadband design with a flat 52 dB
gain from 0.2 Mc to 100 Mec and capable of 100 milliwatts output be-
fore compression at the higher frequency (greater power at lower
frequency).

The drive stage emitter followers in the preamplifiers used 2N3375
transistors they have sufficiently high base impedance at these fre-
quencies to permit some modest input transformation in order to
enhance the 6 dB theoretical gain made available by driving the high

Fig. 27 — Quadrature hybrid coupler.

-
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Fig. 28 — Coupling characteristics of 2 section coupler.

impedance emitter follower input from a matched source. The driver
stage amplifiers had gains of 8.5 to 9 dB and were capable of 0.6 to
0.7 watts output. The 2N3632 transistors used in the power stage
amplifiers, however, did not allow any transformation and, after
some input tuning, had 6-7 dB gain but were capable of 1.25 watts
output.

In order to realize the matching properties of the coupler organi-
zation it was found necessary to select matched pairs of transistors.
The transistors were inserted in a test jig and tuned for best reponse
with calibrated reactances. The values and final response were noted.
Pairs of transistors were selected by comparison of these data. The
amplifier pairs constructed using them showed typically > 25 dB
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Fig. 29 — Return loss of 2 section coupler with open circuit terminations on
coupled ports.
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Fig. 30 —60-90 Mc class A, 85-9.0 dB gain, 600-700 mW linear driver stage.

input and output return loss across the band. Interaction between the
amplifiers outside of the band is prevented by using “out-of-band”
filters as described in Section 2.6 (see Fig. 22).

6.5 Signal Processing Components tn 60-90 M ¢ System

In the feed-forward system, as developed in the preceding text, I
there are six essential signal processing operations (see Fig. 22):

(7) Splitting off a reference signal from the input

(2) Delaying this reference signal for a time equal to the time of
passage through the main amplifier

(117) Splitting off a sample of the amplified signal

(1) Comparison of the sample with the reference

FERROXCUBE
BEAD on
_L 1' IL _]_ 4YAVAY; -0 +18VDC
0.01 0.0t
INPUT 0.07-0.09 puH /? '_1: _|
o ’ +——000 = =
— u}. 2N3632 0.01
i7 OUTPUT
1.ouH it —0
L.ouH 0.01
L1 ——
— —_ \ _L A\
son
-24VDC

Fig. 31 —60-90 Mc class A, 6.0-7.0 dB gain, 1.25 watt linear power stage.
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(v) Delaying the amplified signal for a time equal to the time of
passage of the error through the subsidiary amplifier
(v?) Injecting the correction into the output path.

In the 60-90 Mc system operations 7 and % are carried out within
in-phase power dividers (Merrimac Research and Development Co.
PD-75). Operations # and v are carried out in approximately 60-
and 30-foot lengths of coaxial cable. (These lengths were first calcu-
lated from measurements of phase vs frequency within the system.)
Operation %17 is carried out in a two-section quadrature hybrid coupler
similar to the ones used within the amplifiers (see Figs. 27, 28 and 29).
However, instead of a 3 dB power split, this coupler was synthesized
to couple out a signal 15 dB down from the input and to present only
0.27 dB loss to the main power path (see Fig. 32). The final opera-
tion, (v1), uses the reactive network described in Section 4.1 and
Fig. 18.

The other components appearing in Fig. 22 are of secondary im-
portance to the feed-forward concept but are quite essential to sys-
tem operation. The fixed pad in the main amplifier input and the
variable attenuator in the sample path insure that the power levels
are appropriate to a proper differencing in the power divider. The
variable attenuator in the error correction loop performs a similar
function. These variable attenuators were constructed based on the
transmission and match properties of the quadrature hybrid coupler.
Figure 33 shows the transmission between the input and hybrid ports
of a two-stage quadrature coupler both under open circuit termina-
tion of the coupled ports and with 10 © terminations. The use of
ganged carbon rheostats as terminations (Fig. 34) produces a well-

Rl S —
1-2
o
w
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o
“150B = ——— 1-3
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Fig. 32 — Coupling characteristics of hybrid directional coupler used as sam-
pling coupler.



698 THE BELL SYSTEM TECHNICAL JOURNAL, MAY-JUNE 1968

T
OPEN CIRCUIT
o
w
3
o
o
100
™~
0 20 40 60 80 100 120

FREQUENCY IN MHZ

Fig. 33 — Transmission of two section coupler under open circuit and 10 @
termination.

matched variable attenuator which is quite flat over the modest at-
tenuation ranges needed.

The “sample coupler equalizer” is a low @ shunt resonant circuit
which has a transmission characteristic that compensates for the bow
in the sampled signal from the coupler, as shown in Fig. 35. The
“phase shift networks” shown in Fig. 22 are also resonant equalizers.
When the cable length corresponding to r; was adjusted such that
the time delay through the main amplifier equaled that through the
reference path (equal phase vs frequency slopes), it was found that

Fig. 34 — Variable attenuator.
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Fig. 35 —Sampling coupler equalization. (a) Sample coupler characteristies.
(b) Transmission of equalizer. (¢) Equalized characteristics.

there was a constant 70° excess phase shift through the amplifier out
of a total variation of 1500° across the band (see Fig. 36). In order
to equalize this difference, use was made of the fact that a resonant
circiut has zero phase shift at the resonant frequency, at which point
there is an inflection in the phase vs frequency characteristic (see
Fig. 37). The latter produces constant time delay at the resonant fre-
quency. An extra length of line was then added to the reference path
to produce equal phase shift at center frequency and the two-reso-
nator network shown in Fig. 38 added to the sample path to equalize
the phase slope (see Fig. 36). It was found that a two-resonator net-
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Tig. 36 — Phase equalization of reference loop.
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Fig. 37 — Amplitude and phase of transmission through a resonator.

work was needed, minimally, to produce sufficient flatness across the
band. The insertion of the phase shift network, ¢», in the correction
loop relative to 7o is similar to the above.

6.6 System Checks

With the system assembled, each of the two loops was put through
an operational check, and final adjustments were made. The ref-
erence loop is checked by applying a small signal to the input and
observing the output of the comparison power divider at B. The
variable attenuator in the power sampling line was adjusted to pro-
duce the best null across the band. Small adjustments of =, were
made and the best null was obtained by using a sweep generator
and an oscilloscope.

The error correction loop was then adjusted by feeding a swept
frequency signal into the main amplifier at A and observing the sys-
tem output. Both the variable attenuator at the input to the sub-
sidiary amplifier, and 7., were adjusted to produce a null output.

ooespH  70pF

o— 35— —o
‘L—— 0.174 uH

26 pF

Fig. 38 — Phase shift section (values shown for 76 Me, 70° correction) in 50
2 system.
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The final experimental proof of system performance lies in breaking
(and terminating) the reference line at C' in order to “fool” the error
correction loop into operating as if there were no input signal, and
observing the entire system between input and output ports. The ex-
cellence of the correction system may be judged by the degree of
degeneration of the output. The results of this observation with the
subsidiary amplifier turned off, and with the subsidiary amplifier re-
stored are shown in Fig. 39 along with a simplified schematic indicat-
ing the measurement condition.

6.7 26-36 Mc Amplifier—Differences from 75 Mc System

After experience with the 75 Me system, the 30 Mec amplifier was
designed to increase the power output several fold over the 10 watts
attained above, without increasing the complexity of the system
(that is, the number of coordinated branches in the power amplifier).
This was done by going to class B push-pull operation rather than to
a single-ended class A operation as in the previous system. In addi-
tion to doubling the number of transistors, the de-rf power conversion
capability of each was doubled. The push-pull pair (see Fig. 40)
delivered 7.5 watts, linearly.
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—
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gigﬁ%—System output with reference line open, feed forward switched on
and off.
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This transition to class B operation made another design change
possible. It was decided to design for low duty cycle pulsed operation
and to use an “active clamp” biasing circuit which samples and re-
stores bias voltages between pulses.

In addition to extending the dynamic range of the amplifier by
inereasing its power output capability, an attack was made on the
system noise figure by the use of a directional coupler at the input
favoring the reference path. As a further improvement the series in-
put matching resistors (~43 Q) of the low-level preamplifier in the
subsidiary amplifier were removed. The input match was restored by
the amplifier pairing operation using quadrature couplers, which
produced a matched amplifier having approximately a 4 dB noise
figure.

Other changes were in the use of a series 3:1 injection transformer
instead of the previously used shunt injection network, and in the
use of limiting in the low-level preamplifier sections of both amplifier
chains to prevent destruction of the power transistors under accidental
overdrive. A schematic diagram of this system appears in Fig. 41.

6.8 “Active Clamp’’ Bias Circuit

The active clamp biasing used in the 25-35 Mc amplifier (see Figs.
42 and 43 provides a means of stabilizing the amplifier against changes
in bias condition with variations in the signal power level and duty
cycle. At high signal levels an unrealistically large bypass capacitor
(see Fig. 44) would otherwise be required to perform this function.
The clamp circuit also serves to make the bias levels insensitive to

INJECTION
PREAMP AMP SAMPLE NETWORK
] COUPLER

FILTER ——

&
EQUALIZER &\r ®,
L R
PREAMP AMP
—————— T e FILTER I

Fig. 41 —30 Mc system.
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Fig. 42 — Active clamp schematie.
Q,,Q, - 2N3702 +48v o—"\AN— +24V
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S

RF POWER
TRANSISTOR RF

= ouT

Fig. 43 — Active clamp biasing of power transistor. A, B, and C are connections
to the other transistor of the push-pull pair.
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Fig. 44 — Conventional transistor biasing arrangement with DC stabilization.

thermal drift in the eontrolled transistor and to parameter variations
between substituted transistors.

The high gain differential amplifier, shown in Fig. 42 provides the
self-correcting bias condition since its output is fed into the base of
the power transistor in such a way as to keep the potential at A of
Fig. 3 equal to the reference potential at B. The gain of the differential
amplifier also allows the use of a much smaller value of R, (15 ©Q as
in Fig. 43) than would be used in a conventional current feedback bias-
ing scheme (shown in Fig. 44) to sense variations in quiescent current
through the power transistor.

Ordinarily, as stated, a large bias bypass capacitor C, shown in Fig.
44 and dotted in Fig. 42, must be used to provide base current to
the transistor during the econducting part of the eycle. It must be
made adequately large to prevent substantial discharge, independently
of duty eyecle or drive amplitude. Transistor Q4 of Fig. 44, allows the
use of a much smaller capacitor, C,, since this capacitor need only
supply a control current to its base. The transistor, @, prevents the
discharge of C, into the differential amplifier during the pulse and
allows a rapid recharge of C, after the pulse because of its low emit-
ter follower output impedance.

6.9 Performance of the 25-35 M¢ Amplifier

The - characteristics of the completed amplifier at low power are
shown in Figs. 45 through 48. These figures show that the gain of the
amplifier slowly oscillates £0.1 dB about a 0.4 dB slope across the
band, the total amplification being 39 dB. The phase varies +1° from
a constant time delay phase characteristic. Further, the spot noise
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[=]

35

I'ig. 45 — Deviation from flat gain at low power.

figure is better than 12.5 dB acrcss the band and better than 9.5 dB
over 85 percent of the band. The integrated noise figure is 8.6 dB.

Figures 49 through 51 show the gain and phase as functions of
power level with the system fully functional and with the feed-
forward correction loop disabled. These figures show the marked
improvement obtained by the use of feed-forward correction. Notice
that, as implied by the analysis in Section 3.3, when the subsidiary
amplifier is called on to deliver large power to compensate for gain
variation, it can no longer provide phase compensation. (It was
shown that the compensation of only 3.6° at maximum power output
requires all the power capability of the subsidiary amplifier.) The
40 watts indicated on the figures and the 8.6 dB noise figure shown
above yield a dynamic range for the amplifier of 103.5 dB. Its output
return loss was > 25 dB (see Fig. 52).
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Fig. 46 — Phase shift through 30 Me¢ amplifier system as function of frequency
(low power).
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Fig. 47 — Deviation from constant time delay (low power).

VII. CONCLUSIONS

The amplifier systems that were constructed at 30 and 75 Mec had
an excellent correlation with design and showed the engineering prac-
ticability of the methods of design construction. The primary features
were the use of:

(7) Quadrature coupled corporate amplifier arrays to phase co-
ordinate power emission of the individual active elements

(12) Emitter follower amplifiers as the basic elements to provide
broadband, low distortion gain with transistors, otherwise incapable
of producing this type of performance with a high yield

(itt) A time-compatible or “feed-forward” error injection tech-
nique to equalize the transfer function of the amplifier, reduce distor-

5
N

i Y
RS A

yah

NOISE FIGURE IN DECIBELS

22 24 26 28 30 32 34 36 38 40
FREQUENCY IN MHZ

Fig. 48 — Amplifier noise figure,
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Fig. 49 — Gain (a) and Phase (b) Variation at 28 Mec.

tion and diminish noise in a system having relatively large time delay
(i) Directionally coupled error sensing to produce a high return
loss at the amplifier output

The 75 Mc amplifier was operated over a band of 60-90 Mec pro-
ducing a 10 watt output average power with an amplitude compres-
sion there of about 0.2 dB. Its transfer function showed slow amplitude
variations within 0.1 dB and phase deviations from linearity of about
1.5° out of a total phase spread of greater than 1500° across the band.

The 30 Mec amplifier had a band of operation between 25 and 35



ERROR-CONTROLLED AMPLIFIERS 709

Me. It produced a 40 watt average power with an amplitude compres-
sion of 0.2 dB. Transfer characteristics showed slow amplitude excur-
sion of about 0.2 dB with phase distortion about 1°. Output return
loss was about 25 dB across the band and lent itself to simple
equalization.

The 30 Me amplifier had an 8.6 dB noise figure across the 10 Mec
band of design interest which, together with its 40 watt average un-
distorted output capability, provided a dynamic range of 103.5 dB.

While correction did not extend beyond that of a single loop in
these amplifiers, the textbook-like adherence of the results to the
design elements makes it clear that further feed-forward looping
would provide an arbitrary degree of correction over the preseribed
bandwidth, probably with some further noise improvement. This is
to be contrasted to the inabiilty to use a feedback control for these
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E.N (.
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2 0 -2 -4 -6 -8 =10
OUTPUT POWER IN DECIBELS

Fig. 50 — Gain (a) and Phase (b) Variation at 32 Me.
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Fig. 51 — Gain (a) and Phase (b) Variation at 35 Mec.

amplifiers specifically because of excessive delay over the bandwidth,
and to the limited ability of feedback, in general, to degenerate
error cumulatively because of stability concerns.

The feed-forward correction scheme does not impose any concern
for active element characteristics beyond the band of use, as does

24

/\ //\
g?_a \ / | N |
ARIRVA

20 22 24 26 28 30 32 34 36 38
FREQUENCY IN MHZ

T'ig. 52 — Output return loss of 30 Me amplifier.
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feedback, providing the simultaneous ability to use higher power and
cheaper transistors than would ordinarily be acceptable at the fre-
quency used. Using the self-degenerating emitter-follower mode of
amplification, experience with the two amplifiers constructed showed
a high degree of insensitivity to transistor selection aside from those
failing catastrophically. Nothing more than a dc transistor checker
was needed to construct the 30 Mec unit, while a rough rf sweep selec-
tion procedure was employed at 75 Me to form slightly preferred
transistor pairs.

The use of time-compatible error cancellation is not limited to the
specific circuits described here either in frequency or in the specific
active element circuitry used. It is generally applicable and, in con-
junction with the corporate power accumulation available through
coupler arrays, and smooth (no guard-band) frequency multiplex ar-
rangements, there are available at least in principle, controlled, ar-
bitrary (bandwidth, arbitrary power, capabilities virtually through-
out the entire rf spectrum.
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APPENDIX A
Conditions for Directional Coupling

In Section 2.2 we indicated that a sufficient condition that a pas-
sive, reciprocal, and reactive, fourport possess directional coupling
properties was that it be matched and that it possess two axes of sym-
metry. We shall show the sufficient conditions to result from the ap-
plication of simple time reversal arguments.

Figure 53 shows the fourport excited by a unit incidence into port
1 without reflection but with scatterings a, 8, and vy, into ports 2, 3,
and 4, respectively. If this figure is time-reversed, being reactive, the
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11 3 B
— O— D —
a 2 4 7
s O L0 —

Fig. 53 — Prototype network.

fourport remains unchanged, but the scattered quantities are reversed
in flow direction and their phases inverted. This result is shown in
Fig. 54 which then must be an excitation format compatible and
simultaneous with that of the first figure.

Use in turn incident amplitudes, —8*, —y*, and «*, into ports 3, 4,
and 2, respectively, to cancel the various incident quantities of Fig.
54. The respective scattered results are shown in Fig. 55, where the
two axes of symmetry and the scattering format of Fig. 53 were used.
If the results of Fig. 55 are superposed, then the excitation scheme
of Fig. 56 is yielded. This last figure shows only emergent waves. Since
there are no incident waves, each of the emergent waves must vanish
and we have

1 — aa* — B8* — vv* = 0, (40)

av* + ya* = 2 Re ay* = 0, (41)

aBa + Ba* = 2 Re pa* = 0, (42)
and

v8* + By* = 2ReyB* = 0. (43)

Equation (40) simply confirms the conservation of energy in a
reactive fourport. Equations (41) through (43) state that «, B, and
v are all mutually perpendicular phasors. Since these three phasors

*
1o a B
B ) e
a* 2 4 ¥
— O— —C

Tig. 54 — Time reversed description.
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Fig. 55 — Excitation of ‘g’ Port (a), ‘v’ Port (b) and ‘e’ Port (c¢).

are in a two-dimensional space this mutual perpendicularity is absurd
unless one of the quantities vanishes. Therefore,

(1) There exists one port “hybrid” to the incident port
() All the power is transmitted to the remaining two ports.

These two statements define a directional coupler.

APPENDIX B

Transformer Injection

B.1 First Considerations

B.1.1. In Phase Errors

Let us first see what is required of the cireuitry of Fig. 14 to ac-
complish in-phase error correction then consider the correction of

1-aa*-gp*-vY* -ay¥*-vya*
- O 0 —
+
—— O -0 —
-YB*-Bvy* ~Ba*-ap*

Fig. 56 — Superposed excitations.
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quadrature phase errors. Our specific concern is the specification of
the 1:N transformer shown as the means for final injection of the
error cancellation signal.

Figure 21 shows a first Thevenin equivalent of the insertion of the
subsidiary, error correction, amplifier into the output circuit of the
main amplifier. Both amplifiers are shown with normalized internal
impedances and the external load matched to the combined imped-
ance. We assume proportional error 8, of the main amplifier open
circuit voltage 2V, and we assume further that the open circuit voltage
of the subsidiary amplifier is 2v.

As seen from Fig. 21(b) the reduced equivalent, the condition that
the load be excited independently of § is given by

v = NVa. (44)

If we isolate the subsidiary amplifier, as in Fig. 57, the amplifier has
a voltage v’ at its load terminals corresponding to a load current
V/N(1 + 1/N?). At the maximum voltage of V, defined as V,, with
corresponding subseript notation on all other quantities, we would like
to see the subsidiary amplifier match terminated to deliver maximum
power. Accordingly, v is half the open circuit voltage and it is equal
to the current at mateh in the impedance normalized deseription. Then

v, = — 1 (45)
N (1 T Nz)
and, using (44), we have
N = \/ﬁl ; 8, (46)
and
Uy = Vv \/611{1 - 611)- (47)
1 — v
"\ o N(1+ &2)
2V v'

0

Fig. 57 — Thevenin equivalent of loaded subsidiary amplifier.
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By the above construction, at peak power the subsidiary amplifier
works into a mateh and furnishes a power P, which compares to the
main amplifier P,,, via (46), by the relationship

, 5,

Po= (1 = 5)Vi =

P, (48)
where V2(1—6,)*=P,, is the peak available power of the main amplifier.

We may consolidate our results to this point under the approxima-
tion that §, is small.

(7) The main amplifier power deviation is approximately [(1—8p)*
— 1]P,, = — 28,P,,, at its peak power capability.

(%) The subsidiary amplifier furnishes a correction power of ap-
proximately 8,P,,.

There seems a curious divergence of a factor of 2 in providing the
necessary compensation. If, for example, 8, = }, implying a peak-
power deviation of 1 P,,, a subsidiary amplifier having only a power
capacity of 4 P,, would appear to be adequate for compensation.

A second feature of transformer injection may also be discerned
which at first would appear unrelated to the missing factor of 2. The
error injection is not without some cost to the main amplifier. As Fig.
21 shows, the subsidiary amplifier images a resistance of 1/N? into the
main amplifier cireuit, causing an effective generator characteristic im-
pedance of 1 + 1/N? to be presented to the load.

The subsidiary amplifier provides the power both to equalize the
irregular main-amplifier transfer characteristic and to cancel distor-
tions produced by nonlinearities. Assume the main-amplifier power to
be small such that no nonlinear distortions are observed and assume
further that equalization is unnecessary. There is, therefore, no er-
ror and, consequently, no contribution from the subsidiary amplifier,
and the open circuit voltage is that of the main amplifier only. The
available power is decreased by an amount equal to the changed
impedance and an insertion loss of

1

1 — 5,

is sustained where the results of (46) have been used.
The question exists whether this is indeed just a loss in gain or a

loss in power capability. We shall now show that it is only a loss in

gain and that we add to the power capability of the main amplifier

by the amount of the subsidiary amplifier peak power,

1
L=1+3p3 (49)
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From Fig. 21 we see the delivered voltage of the main amplifier to
be, at peak,

V. )
1
1+ﬁ§

2VD(1 - ap) -

Since 1 + 1/N2 = 1/1—8, by (46), the voltage delivered reduces to
V, (1—38,). Since the current drawn is 2V,/2(1 + 1/N?) =V, (1-38,),
the total power delivered by the main amplifier is

P, = Vi1 — 5,)". (50)

However, (50) is, identically, the available power from the main am-
plifier without the subsidiary circuit, so that there is no difference in
the power actually delivered by the main amplifier into the load.

The power delivered by the subsidiary amplifier is the product of
its output voltage referred to the main loop, 2v,/N — [(1/N* X V,/
(1 + 1/N?)] and the main loop current V,/(1 + 1/N?). The use of
equations (46) and (47) shows this power to conform to (50) produc-
ing a power

P, = V(1 — 8,)8,.
The total power reaching the load is P,, + P, = P, which is

P,

PL=V:(1—6,)=1_6

(51)

Equation (51) shows most succinetly that the power reaching the
load exceeds the power capability of the main amplifier and that the
transformer interconnection, as characterized earlier, is vastly super-
ior to a power divider interconnection which would have produced a
3 dB loss in power capacity. Further, the insertion loss shown in (48)
is not a power loss, but a small loss in gain only.

B.1.2. Quadrature Errors

Let us assume that the transformer N has been specified by (47)
and the subsidiary amplifier by (48) in terms of some desired real
peak voltage error §,. We now seek to determine the peak eapability
of the system to correct a quadrature error 48/ .

Given this quadrature error, the subsidiary amplifier output voltage
is ¥ = iNV,6, corresponding to its current 7 = V,/N. The subsidiary
amplifier perceives, therefore, a terminating reflection factor
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. iNV, 8 —
v— 1

v NY, s

2| ==

which, obviously, has a unit magnitude.

Given a unit reflection, the subsidiary amplifier, depending on its
electrical position relative to the load, might be called on to develop
twice its rated voltage or twice its rated current. To safeguard against
this possibility, the open eircuit voltage must be down rated by a fac-
tor of 2, and corresponding to (47}, we have

iV

;)D \/59(1 - 6:7) = NVJ: 5; . (52)

[
Up =

So that, by (46)
8! = 15, . (63)

Quantitatively, if 6, = %, corresponding roughly to a =1 dB cor-
rection, (53) yields 8, = 0.0625. Since the phase correction has a mag-
nitude of the arctangent of &, the phase cleanup range is, minimally,
3.6° at high power.,

B.2 Further Considerations

B.2.1. Subsidiary Amplifier Mismatch

At peak power, by design, the subsidiary amplifier is matched. Let
us now go to the extreme of low power. Using Fig. 21(b) the main
amplifier supplies a current V/(1 + 1/N®) which develops a voltage

- 1 (A—ITE)(N) == 1 (54)
1+ 37 N+

across the step-up side of the injection transforms via the subsidiary
amplifier image impedance 1/N?. The main current reduces by 1/N,
and a current flow also equal to V/(N + 1/N) flows through the volt-
age step-up side of the transformer.

As at high power the subsidiary amplifier output voltage is equal
to its current, but with a major difference. The voltage sense is re-
versed and now, instead of finding a positive resistance match, the
termination is a negative match. In transition between high and low
power, the termination of the subsidiary amplifier has passed through
violent shift and a question exists whether, as power decreases, some
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requirement, existed on the subsidiary amplifier worse than that at
peak main amplifier power.

Having aroused this concern, we shall now dismiss it. Equation (54)
shows the negative voltage bound to be less than the positive voltage
bound, since V, by hypothesis, is less than its peak voltage V,. Simi-
larly, the subsidiary amplifier current is always less than its peak
value V,/(N + 1/N). The subsidiary amplifier, in actuality, is sepa-
rated from the terminating transformer by a transmission line. Along
this line, peak current and voltage amplitudes interchange. Since
neither of these peaks ever exceeds the value supplied by the subsidiary
amplifier at peak main-amplifier distortion, the initial design of the
subsidiary amplifier covers the worst case.

B.2.2. Nonoptimal Transformers

While the transformer design chosen optimizes the powers delivered
by the main and subsidiary amplifiers, nevertheless one may wish to
forego this optimization somewhat to reduce the contribution of 1/N?
to the output matching problem. While this problem is not particu-
larly serious, it is generally, a nuisance in the following sense. Very
high return loss is guaranteed by the directional coupler sampling
arrangement exclusive of the 1/N? contribution, and the very inser-
tion of any matching circuit at all is a severe perturbation on the
goodness of the system. The less the mismatch to be corrected, the
higher the degree of return loss realization across the band.

Let us now consider a nonoptimal transformer n replacing the op-
timum value N deduced in earlier expressions. If 2v’ is the open cir-
cuit error voltage applied to the high side of the injection transformer
then

&) = 2nV,é,

and the current referred to the high turns side is
PN A Y
’ 1n
1+ o

The terminating transformer, together with the correlated current
flow in the low turns side, provides an output impedance Z for the
subsidiary amplifier which must conform to the relationship

14+ 2 =

2 (1 4 L)
7 = 2n 1+n2 8,
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and
Z = 2(n* + 1)5, — 1. (55)

Equation (55) shows that for (n*+1) > 1/8, the subsidiary amplifier,
as expected, operates into a high impedance mismatch.

The subsidiary amplifier must be made to cope with the standing
wave, to be capable of supplying either an excess open circuit voltage
or an excess short circuit current. We assume a power capacity to be
required from the subsidiary amplifier such that it can tolerate that
peak through its internal impedance. Since this peak, relative to
matched loading, is given by the ratio of 2Z/(Z + 1), namely 1 + |k|,
where k is the reflection factor, we have

=

P24+ 1) 8, — 1 n

n" @+Ds N (50
with the corresponding peak subsidiary amplifier power ratios
P, 2(n2+1)5p—1)2n_2
P, ( n + 1) 8, N? (57)
Combining (57) with (46) we have, finally,
’ 2 _ 2.2
P, (2m 4+ 18, —1)n (58)

P, ” "+ 175,00 - 5,)

The formulation of (58) shows, of course, that when n? = N2 =
1 — 8,/8,, this ratio reduces to unity. As a quantitative determination,
let us increase m such that it introdueces roughly one-half the mis-
match it inserts under optimal conditions for §, = %, our 1 dB design
center. Since N2 = 7, let us choose n? = 16, where the latter number
is chosen to form an integral turns ratio. Equation (58) demands 7.3
times as much power as that for the matched case, a level of power
for the subsidiary amplifier virtually equal to that of the main am-
plifier.

The quantitative example chosen, of course, represents a fairly
undesirable situation; nevertheless, it shows a tradeoff possibility
which is not to be ignored. In multiple looping feed-forward systems,
each loop is called on to handle progressively smaller and smaller
deviations. In using these progressively smaller values of §,, we form
a sequence of progressively higher values of N, corresponding in turn,
according to (48) to lower values of P,. Below some value, the value
of P, is no longer limiting and we may wish to use correction power
as a tradeoff against mismatch.
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APPENDIX C

Schmadt-Briicken Patent

During the final stages of preparing this article we found a German
Federal Republic patent, issued July 14, 1960 (document 1085194),
to Heinrich Schmidt-Briicken, entitled “A Method For Compensating
Distortion In Amplifiers.”

Clearly this patent, in spirit, precedes our own activities in attempt-
ing to provide time compatible error cancellation. While it suggests a
time flow correction system seemingly much similar to our own, its
actual embodiment severely compromises the intent of the patent. We
have reproduced Figures 1 and 3 of the Schmidt-Briicken patent as
our own Figures 58 and 59. We claim the disclosure shown in Fig. 58
to be operative only in principle, and that of Fig. 59 to be generally
inoperative.

We feel it relevant to pursue the dissection of these devices since
they illustrate, negatively, important considerations in the format of
implementation of feed-forward amplifiers. It is not, however, intended
by so doing to deprive Mr. Schmidt-Briicken of a well earned recogni-
tion of his priority in recognizing time as a controllable factor in
error cancellation.

A major consideration lacking in both the configurations of Figures
58 and 59 is that of directional wave sampling. Let us observe the
consequences of a simple voltage sampling as used in Fig. 58 where
such sampling follows the usual practice in feedback amplifiers.

If all components in Fig. 59 are matched, that system will operate.
In general, however, there is no disclosure of the degree of match
required in the patent, and the effect of multiple reflections are

BRIDGE OR
DELAY DIRECTIONAL DISTORTION
LINE COUPLER AMPLIFIER
6 4 5
BRIDGE OR
DIRECTIONAL
COUPLER
ADDER
3 |ATTENUATOR 2 f—
MAIN DELAY
AMPLIFIER l LINE
1 7

®

Fig. 58 — Schmidt-Briicken Fig. 1.




ERROR-CONTROLLED AMPLIFIERS 721

BRIDGE OR

DELAY DIRECTIONAL DISTORTION
LINE COUPLER AMPLIFIER TRANSFORMERS

6 4 5

—
~--RESISTOR HIGH
IMPEDANCE
MAIN / DELAY [ LOAD
AMPLIFIER 4 LINE
19
1 L 7

Fig. 59 — Schmidt-Briicken Fig. 3.

ignored. Let us assume, however, that all devices are matched only
to within reasonable specification of return loss, and that the ampli-
fiers, particularly, might have return losses of the order of 20 dB.

The error reference is established at point A in Fig. 58 through
the use of a voltage divider network, and, consequently, the error volt-
age is a funection of the input impedance seen looking into the delay-
line labeled 6. The phase of the 10 per cent reflection factor of the
distortion amplifier 5 may rotate through more than one cycle as
a function of the delay line length, producing a peak to peak imped-
ance variation of 50 per cent. The reference sampling is modulated
by this order of magnitude, making a shambles of the compensation
system.

Inherent in this system, therefore, is an inclusion of an active de-
vice, namely the amplifier, as part of the reference standard, greatly
limiting the general practicability of this class of device. In our own
embodiments, we have carefully employed directional coupler sam-
pling, stressing the incident wave, and not the voltage, as the reference.
With properly designed match, third t.me around incidence is not
greatly significant since it is down by twice the return loss, the order
of 40 dB or greater, making amplifier mismatch a secondary con-
sideration.

The same form of argument applies to point B with respect to the
adder 2. Notice that both boxes 4 and 2 are bridges or directional
couplers, and that they are used to prevent spurious coupling between
chains. Awareness is manifested, therefore, within the patent itself
of the existence of directional coupling devices, but nowhere are these
couplers applied to the crucial problem of error sampling.

Figure 59 shows a device containing not only the above fault, but
adds fallacy as well. The intention is to show alternative means for
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providing chain isolations by the use of constant current sources, such
as pentodes, operating in parallel or, as actually shown, by the use of
series connected secondaries of transformers 13 and 14 working into
a relatively infinite output impedance.

The implications to multiple reflections are obvious and the conse-
quence to the current sensing resistor 19 is disastrous. If, for example,
delay line 7 passes through a half wavelength, 19 is open circuited
and develops no sense voltage. The paralleling of pentode chains is
equally disastrous since one of the pentodes, if viewed looking back
into the delay line, may prove to be anything but a current source.

There are no considerations by Schmidt-Briicken to use his device
to transfer power. All considerations of the relevant requirement of
the output combiner are missing, as are considerations of output im-
pedance. Pointedly, we differ with Schmidt-Briicken in calling for an
output bridge or directional coupler, since these must be power wasting
four-ports. We have expressly demanded amplifier interactions in an
output three-port to conserve power. In like fashion we disagree with
Schmidt-Briicken in demanding an open circuit output to avoid inter-
action when he does, indeed, chance to use an output three-port.
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