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effect of tunnel-wall conductivity and permittivity on the
rate of the monofilar mode. (Parameters as in Fim 6 exceDt

for indicated values of 8=/80 and rre.)

An important related area for further work is the excitation [4]

(and reception) of the monofilar and particularly the bifilar mode. [51

Quantitative knowledge is required for a total calculation of

system loss and communication range. Also the use of higher [6]

frequencies with cables close to the wall merits some attention

even though higher attenuation rates can be expected. [7]
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Letters

Reflection Coefficient of Unequal Displaced Rectangular

Waveguides

RALPH LEVY

Abstract—The IEC has suggested that maximum allowable displace-
ments of waveguide flanges should not cause the inherent return loss

due to wavegaide tolerances to degrade more than 1 dB. Calculations
on displaced unequal waveguides at their extreme tolerances show that
this leads to a maximum allowable displacement of 0.0175 of the broad

(= a) dimension for a waveguide tolerance of ~ a/500. The worst return
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loss under these conditions is approximately – 41 dB. However, it is

suggested that this maximum allowable displacement is based on a
statistically remote worse case condition, and relaxation to a value of
0.021a would be more realistic.

INTRODUCTION

The question of how to specify tolerances on dimensions of

locating holes and bolt diameters of rectangular-waveguide

flanges, which determine maximum waveguide misalignment, has

been under consideration by the International Electro-technical

Commission (IEC) Sub-Committee 46B for several years. At

their last meeting in Bucharest in 1974 it was proposed that

the maximum allowable displacement at a junction of two

waveguides shall be such that the degradation of return loss
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shall be no more than 1 dB relative to the situation where the

two waveguides are axially aligned but have different a and b

dimensions at extreme tolerances, so that the worst possible

reflection coefficient results. Thus, if the tolerances on the

a and b dimensions are + Au and ~ Ab, for the worst possible

reflection coefficient at the axially aligned junction, one wave-

guide will have dimensions a + Aa, b – Ab, and the other

a–Aa, b+Ab.

This choice of constraint factor for misalignment tolerance

seems more logical than previous factors which involved an

arbitrary choice of worst allowable return loss for displaced

identical waveguides. It recognizes that in practice the waveguides

are not identical and do indeed possess finite return loss even when

perfectly aligned, so that there is no point in choosing a figure

for displacement return loss which is much better than the axially

aligned return loss, The “l-dB-worse” condition then becomes

a more practical and less arbitrary criterion for determining the

constraints.

It is necessary therefore to develop formulas for the return

loss of displaced unequal waveguides. Initially, the reflection

coefficient in the axially aligned case must be determined. The

relative impedance of almost equal waveguides is given by [1],

[2]

ZO x Jgb (1)

where Ag is the guide wavelength and b is the waveguide narrow

dimension, From (1) an elementary calculation gives the reflec-

tion coefficient at the junction of a pair of waveguides at their

extreme tolerances a ~ Aa and b & Ab as

()

ag ‘~a+~

‘Z=%a–b

= Lg2@+Ab

()

~ (for worst case)
Ga

(2)

where p= is real at the junction, and examination of published

formulas for the reactive terms, e.g., [1], shows that for any

reasonable small waveguide tolerances these are quite negligible,

being proportional to the square of Au/a and Ah/b. For example,

the contribution to the shunt susceptance due to the displacement

~ Aa is given, by simplication of Marcuvitz [1, (2c), p. 296] and

substituting ~ = 2Aa/a, as

(3)

It should be mentioned that in this case it is valid to calculate

the effect of tolerances and displacement independently for the

a and b dimensions, and to add them vectorially [2].

THE l-d&woRsE CONDITION

The reflection coefficient pd due to a displacement from the

axially aligned condition is in phase quadrature with the resistive

component (2), which remains unchanged by such displacement.

s The combined reflection coefficient modulus, pt, is

pt = dpzz + pdz (4)

giving a reflection (return) loss of

D, = 20 loglo J2t = 10 log (Pzz + pd2). (5)

The return loss for axially aligned waveguide is

D= = 20 log p=. (6)
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Hence the condition for a l-dB degradation in D. due to a

waveguide displacement (remembering that D= is negative) is

Dz+l
PZ2 + pd2 = antilog ~0 .

Substituting for p= from (6) gives

Dz+i D=
p~2 = antilog —

10 –
antilog —

10

so that the displacement return loss is -

Dd = 10 log p~2 = DZ – 5.86825.

It is proposed that for simplicity this should be taken as

Dd=Dz–6.

(7)

(8a)

(8b)

Thus, if the axially aligned junction gives a – 40-d13 return 10SS,

this degrades to – 39 dB if a displacement takes place equivalent

to a reactive return loss of – 46 dB.

REFLECTION COEFFICIENT OF MISALIGNED UNEQUAL

WAVEGUIDES

The reflection coefficient of displaced eqaal waveguides has

been evaluated by a number of workers, including Kienlin and

Kurzl [3] and Lucas [4]. It is proposed to use the simple but

quite accurate formulas of the former [3], namely

–( )rc2Ag Au’ 2
‘“=2a Y

zzb

()

Abl 2
pb = — —,

1.25Ag b

(9)

(lo)

The experimental data presented in [3] show these formulas to

give return losses accurate to within 0.5 dB for Ab’/b <0.3 and

Au’/a < 0.15, corresponding to extreme return losses of approx-

imately – 15 dB. The accuracy appears to be much better than

0.5 dB for the rather small displacements considered here. In

addition to these contributions from displacements Au’ and AU

there is a contribution from a possible angular twist, but this

may be shown to be too small to be of any consequence [5 ].

Displacement of equal waveguides in either a or b dimensions

gives rise to a pair of equal shunt susceptances in parallel, one

due to each step at opposite sides of the waveguide. For the very

small discontinuities considered here, it is valid to take the

reflection coefficient of each step as being equal to half the value

of the total normalized susceptance. Therefore each side of the

waveguide is responsible for half of the reflection coefficient due

to the displacement.

In the case of displaced unequal waveguides it is necessary to

modify (9) and (1 O) to take the inequalities into account. Con-

sider the case where the waveguides have broad dimensions

a + Aa and a — Aa, and are axially aligned. Upon displacement

by an amount Aa’, the steps at the two sides become Aa’ + Aa

and Aa’ – Au. Hence from the previous argument and (9) it

follows that the reflection coefficient due to the displacement is

7FAg

‘“ = 2a

rtzlg——
2a

(As’: ‘:)2+(As’:‘“)2—
2

[(+32+(+921
(11)
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Similarly, for a displacement Ab’ in the b dimension

‘[($32‘(821”‘b = 1.25A,
(12)

Since the reflection coefficients (11) and (12) are actually of

opposite sign, the worst case reflection coefficient occurs for

displacement in one or the other direction, not both simul-

taneously, At the low end of the waveguide operating frequency

band, displacement in the a dimension causes the greater reflec-

tion coefficient and vice versa.

It is now possible to derive simple one-line formulas for the

maximum allowable a and b dimensional displacements, each

resulting in a l-dB degradation from the axially aligned case.

For a displacement in the waveguide broad dimension the pd in

(8) is equal to the pain (11), i.e.,

D= – 5.86825 =
p~ = pa = antilog 0.50885 10D2/20 (13)

20

which using (6) becomes related to the reflection coefficient of

the axially aligned waveguide p= by

pa = 0.50885pz. (14)

Note that for the sake of precision (8a) has been used here rather

than the simple “rule-of-thumb” approximation (8 b).

The “worse case” p= is given from (2) as

(15)

Substituting for pa in (11) from (14) and (15) and rearranging

gives the desired formula in the form

Similarly, the formula for the maximum allowable displacement

in the waveguide narrow dimension is

Ab’

-d — –[(d =+d-(:)2”’17)0.50885 1.251~ 2.~ 2 Aa Ab

b= 7C2 “ b

Here the tolerances on the waveguide dimensions are ~ Aa,

+ Ab (usually Aa = Ah), and ,lg is the guide wavelength. It is

seen that these maximum fractional displacements are a function

only of guide wavelength, aspect ratio a/b, and fractional wave-

guide dimensional tolerances.

The IEC has fixed maximum waveguide tolerances from wave-

guide sizes R40 through R220 at the value Aa = Ab = k a/500.

Substituting this value in (16) and (17) gives the values of

Aa’la and Ab’/b for various values of flfc in Table I, for aspect

ratio a~b = 2.25, and the aforementioned waveguide tolerance.

The final two columns give the permissible fractional displace-

ment in either the a direction or the b direction.

Thus for R1OO where a = 0.900 in, b = 0.400 in, the maximum

permissible displacement at the low end of the band where

f/A = 1.25 is determined by the a displacement, and is 0.016
in. At the high-frequency end it is determined by the b displace-

ment, and is 0.012 in. Hence the most restrictive tolerance is

determined by the b displacement at the high-frequency end of

the band, but this is where the misaligned return loss has its

best value. Hence it is arguable that the worst tolerance here

should be 0.016 in not 0.012 in, since the return loss would not

fall below – 40.88 dB anywhere in the band for the larger dis-

placement. Using this criterion, the appropriate values are

TABLE I
RETURN Loss AND MAXIMUM DISPLACEMENT OF MISALIGNED UNEQUAL

WAVEGUIDES

PERMISSIBLE
RETURN LOSS (dB ) FACTIONAL DISPLACEMENT

f/Et Waveguldes wavegu~des
aligned nusallgned Aa’/a Ab’/b

1.25 -41.88 -40.88 .0175 .0556
—

1.4 -43.63 -42.63 .0181 .0439

1.5 -44.29 -43.29 .0186 .0395

1.7 -45.10 -44.10 .0200 .0339
1 1 I I

1.9 -45.57 -44.57 .0209 .0304

Note: Aspect ratio a/b = 2.25; waveguide tolerance Aa = Ab =
& a/500.

TABLE II
PERMISSIBLEFLANGE DISPLACEMENTSACCORDING TO THE IEC

R4 O 2.000 0.0170 0.039 0.989
I

-41.4

R48 2.1468 0.0173 0.032 0.823 -41.1

R58 2.000 0.0170 0.027 0.687
I

-41.4

R7 O 2.2058 0.0174 0.024 0.606 -41.0

R220 I 2.4706 0.0180 0.0076 0.192
1

-40.4

Note: “l-dB-worse” criterion for waveguide tolerance Aa = Ab =
* a/500.

tabulated in Table 11 for IEC waveguide sizes from R40 through

R220. The final column gives the poorest permissible return loss

resulting from the maximum displacement, which occurs at

the low-frequency end of the operating range.

Since the value of Aa’/a varies by less than ~ 3 percent from

a mean value for all waveguide sizes, the entire table may be

summarized by a rule giving the maximum allowable flange

displacement as

Aa’ = 0.0175a (worst case) (18)

for all aspect ratios, leading to a worst return loss of approx-

imately – 41 dB at the low end of the recommended frequency

range. This is in accordance with the IEC waveguide tolerance
of ~ a/500 and its recommended 1-dB degradation criterion.

The values of displacement given in Table II or by (18) are

for a worst case condition. It should be realized, however, that

if it were possible to use a statistical approach a greater design

displacement would be permissible. This becomes apparent when

it is realized that the displacement is determined by the following

tolerances:

1) a circular positional tolerance on the flange holes;

2) a tolerance on the flange-hole diameters;

3) a tolerance on the waveguide inside dimensions;

4) the difference between the maximum hole diameter and the

minimum locating bolt diameter.
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The probability of two waveguides being aligned with only a or

only b displacements is therefore quite small, An additional

consideration is that one is usually concerned with the overall

return loss of several flanges in a waveguide run, and the prob-

ability that all flanges will be misaligned similarly is even more

remote.

The original criterion of basing the initial aligned return

loss on the case where the waveguides have extreme tolerances

a + Aa, b — Ab and a — Au, b + Ab is also a statistically remote

condition. Usually, the return loss will be much bet~er. In fact,

in the case where the two waveguides have a negligible impedance

discontinuity, the return losses for the displacements shown in

Table II are 6 dB better. Alternatively, one can state that in this

case the deviation required to give the return loss values allowed

in Table II is approximately 0.025a, a figure significantly larger

than that of (18), i.e.;

Aa’ = 0.025a (matched-waveguide case). (19)

In practice it is found that while it may be quite difficult to

dimension the flanges to ensure that (18) is not exceeded, an

allowable displacement approximately midway between the

0.0175a of (18) and the 0.025a of (19) is more readily feasible.

Such a compromise value of 0.21a gives a worst return loss of

approximately – 40 dB. It makes reasonable allowance for the

statistical considerations, enables reasonable tolerances to be

assigned in most instances, and is essentially in accordance with

the basic logic behind the IEC l-dB degradation criterion.
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A 60-W CW Solid-State Oscillator at C Band

R. N. WALLACE, M. G. ADLERSTEIN, AND S. R. STEELE

Abstract—A 60-W CW solid-state oscillator has heen developed for

operation in C band. The oscillator combines the power of six high-
efficiency GaAs multimesa Read diodes. Single-diode oscillators have
given power outputs as high as 13.3-W CW at 5 GHz.
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A solid-state oscillator delivering 60-W nominal CW power in

C band has been constructed and tested. The oscillator circuit

combines the outputs from six high-efficiency multimesa GaAs

Read IMPATT diodes. Such diodes, incorporating chip-level

power combining, allow one to reach the 60-W level with rela-

tively few discrete devices. Compared to an oscillator combining

a large number of low-power diodes, the source described here

operates with simpler bias circuitry and is easier to tune for

optimum performance.

Fabrication of the high-power diodes from low-high-low

Read profile epitaxial GaAs wafers grown in our laboratory has

been described in some detail elsewhere [1]. Individual diodes

consist’ of four separate mesas in a 2 x 2 array, mounted on

an integral plated-gold heat sink. This arrangement provides

a substantial improvement in thermal resistance over that ob-

tained with a single mesa of equivalent area [2], and we regularly

measure values of 4.5–5.0°C/W in C-band diodes. With a room-

temperature heat sink, a diode having 22–23-percent efficiency

can thus produce 1O-W CW output with a junction temperature

of w 200”C. The plated heat-sink technology is suited for large-

volume, low-cost diode production, and offers economic advan-

tages over the IIa diamond heat sinks often used in obtaining

high-power operation [3].

The yield of diodes producing 1O-W CW or more is not yet

large, but our results indicate that the devices will be manu-

facturable. In a recent series of thirteen epitaxial wafers selected

for processing, eleven produced diodes which, when operated

with 40°C (nominal) heat-sink temperature, reached or exceeded

1O-W CW output. Efficiencies were typically 22–25 percent, and

frequencies of optimum performance ranged from 4.7 to 6.5 GHz.

Two wafers, grown in different epitaxial reactors, produced best

results of 13.3-W CW output with 24-percent efficiency in the

4.8-4.9-GHz range. A 15.3-W CW result with a cooled heat sink

was reported previously [1]. These are among the highest power

outputs reported for C-band IMPATT diodes.

The six-diode oscillator circuit used in the present work is

similar to the type described by Harp and Stover [41. The circuit

concept has been analyzed in considerable detail and tested

experimentally by Kurokawa [5], [6]. A few practical operating

considerations will be noted here.

Fig. 1 is a schematic representation of the oscillator circuit.

The basic resonator is a cylindrical TMO, o-mode cavity. The

cavity frequency is adjusted with a dielectric roc[ tuner, and

coupling to the external load is controlled by varying the penetra-

tion of the coaxial output probe. The six diodes are coupled to

the main resonator through coaxial lines (Z. = 5(0 Cl) passing

along the cavity side wall. Coupling between the diodes and the

cavity is adjusted by moving the diode mounting plugs axially,

and by changing the dimensions of the individual slug trans-

formers. Bias is supplied to the diodes along the coaxial center

conductors, which pass through absorbing terminations at the

top of the cavity. The circuit is water cooled during operation.

The operation and tuning of the circuit can be conveniently

described in terms of the impedance Z~ measured on the diode

coaxial lines at the midplane of the cavity. For frec[uencies near

resonance, this impedance is essentially that of a parallel RLC

circuit (the loaded cavity) in series with a resistor (the terminated

bias line). At resonance, Z~ is resistive and may range from

~ 1.520 to N 20Z0 depending on the output coupling adjustment.

Large-signal terminal impedances of the individual diodes are

approximately – 0.8 + j6 Q near 5 GHz. The slug and coaxial

line must thus be designed to transform Z~ to the much lower

impedance required by the diode. The range of adjustments


