2202 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 47, NO. 12, DECEMBER 1999

A Retrospective on the 1999 Microwave
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Abstract—This retrospective looks back at Eisenhart and //
Khan's paper, which was the basis for selection of the 1999
Microwave Pioneer Award. The subject is the waveguide circuit
commonly referred to as a “post in a waveguide.” Here is the
story about that paper, where it started, what it contributed, and
its impact over the last 28 years.

Index Terms—Analysis, equivalent circuit, measurement, post,
waveguide mount.
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Fig. 1. Typical mount configuration with the device mounted at the bottom
|. PREFACE of the waveguide.

(11 OST in a waveguide” is an oversimplified, but com-
mon description of an often used waveguide circuigire utilized accordingly as parameters when determining such

and is the subject of [1]. This paper became the basis for theantities as power, frequency, gain, bandwidth, stability

1999 Microwave Pioneer Award. and noise figure. In a practical sense, this impedance for a
| believe that this is the single most important paper Microwave circuit, as shown in Fig. 1, was not available for
that has been published in the MTT Transactions on design purposes. Determination of the impedance seen by the
microwave Waveguides_ The paper made it possib|e to device becomes very difficult due to the CompleX nature of the
predict the embedding impedances of diode mixers and configuration. In fact, the accepted view was that the post in
oscillators in waveguides over a wide range of fre- & waveguide structure was electromagnetically too complex
quencies, including harmonics. Previously, adjustments to permit accurate modeling, and measurement techniques
were done empirically, and they were quite difficult to0 primitive to permit reliable verification. Design of real
because of the complicated behavior of the impedancesSubsystems was done on a experience—experimental trial-and-
at different harmonics. In addition, the work gave a clear €rror basis. The question then was asked, “why use such a
physical picture of what determined the impedance. The complex structure?” The answer came from experimental work
propagating modes contribute to the real part, the cut-off that showed thlS circuit Worke_d well for many applications
modes to the reactive part, and the shape and structuredcause there is strong coupling between the “post” current
of the post gave the coupling coefficients to the modes. and propagated energy within the waveguide.
Finally, the measurements that accompanied the theory Therefore, the objective was to characterize the impedance
were so beautifully done that even though the behavior of the microwave mount (shown in Fig. 1) commonly used
of the impedances was surprising, there was simply no for connecting small microwave devices in shunt across a

doubt that Eisenhart and Khan had solved the problem waveguide. The term ‘impedance characterization” implies
completely. complete knowledge of the driving point and transfer imped-

Prof. David B. Rutledge, Guest Editor ances associated with and between each and every entry or
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In the theoretical analysis of oscillators, parametric ampli- N 1966 and 1967, Getsinger suggested a relatively sim-
fiers, and frequency converters, i.e., active circuits, geneP4§ €quivalent circuit for the waveguide mount [2], [3]. A

impedance functionsZ(f) are assumed to be known andnore complete description_was discussed by Yamashita and
_ _ Baird [4] who used the variational approach to solve for the
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Fig. 2. Description of mount parameters.
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Yamashita and Baird provided the starting point for the (cutoff freq)

subject analysis, which was then extended, based upon fEge3. Mode pair impedance plot.
induced EMF method of Carter [5]. The following five-step
procedure was set up [1] to analyze “the post in a waveguide”

circuit. termined in the resulting characterization. All evanescent and
Step 1: Determine the dyadic Green’s function for theropagating modes are included in the analysis. This provides
waveguide. considerable generality in the design of circuits. The mod-
Step 2: Express the post current in a general set of orthogling was sufficiently precise to be useful at frequencies well
onal functions. above the fundamental-mode band, describing harmonic circuit
Step 3: Determine an expression for the electric field anyoading as well.
where within the waveguide. In addition to Yamashita and Baird, other “shoulders” that
Step 4: Develop an expression for the electric field at théeserve mentioning include the following:
gap using the Lorentz reciprocity theorem. 1) Getsinger—approach to equivalent circuits;

Step 5: Put the related expansion terms in the form of 2) Tai—qguru of Green'’s functions and Doctoral Committee

power equations and interpret as equivalent-circuit member;
elements. 3) Collin—Lorentz Reciprocity Theorem in [6];

A simplifying approximation was to use a strip or flat post 4) Fourier—thanks for the series representation;

to represent a circular post [4] with the flat post width equal 5) Carter—thanks for the induced EMF method.

to 1.8 circular post diameter. The key deviation from [4] was A technical report [7] documenting the work for the research
the use of a general Fourier series in Step 2, eliminating tBgonsor is a more complete development than what is in [1].
assumption about the post current function. It was thought

(correctly) that the impedance should be determined only by

the configuration and not dependent on the actual current. After IV. EQUIVALENT-CIRCUIT REPRESENTATION

much mathematical manipulation it became possible to showrne equivalent circuit takes into account the effect of a
that the current function canceled out and only the dimensioggyply infinite number of waveguide modes, all connected
of the structure were independent parameters. That was {hgether. Two issues are: 1) what are the broad-band charac-
first big breakthrough. teristics of the waveguide modes and 2) how do they couple
Although complex mathematics were used to develop thgether. Fig. 3 answers the first issue; it shows the form of
circuit element values, understanding of those mathematicgig TE and TM mode impedances over the full frequency
not necessary to appreciate and make use of the symmetfiggge from zero to infinity. As shown, modes with like indexes
and simplicity of the resulting equivalent-circuit configurationsym to an unusual characteristic, designated as,. This is
Previous modeling attempts were incomplete or incorrect apgpacitive at low frequencies, goes through a zero becoming
never accurately predicted the desired impedance. The rafgfictive up to a pole at cutoff. It then becomes resistive,
of mount parameters and/or frequency were restricted. Usualpresenting a propagating mode carrying energy away. Each
the post was located in the center of the waveguide, and then pair creates one set over frequency, referred to as a mode
device positioned at the bottom of the guide, as in Fig. 1. |sair.
addition, the waveguide height was often reduced for matchingThe second issue is addressed in Fig. 4 which shows how
purposes, and the frequency range restricted to that of the modes are coupled together. This coupling is really simpler
dominant mode. All of these restrictions were removed ian it looks because the transformers are just scaling elements.
the present analysis. The remaining restrictions relate to thieey set the coupling coefficients between the modes and the
size and shape of the post and gap, and do not significantit of the circuit. The “Gap” terminals, which is the input
limit the applicability of the analysis since conventional diode the circuit that a diode sees, is at the upper left. The
dimensions fall easily within acceptable ranges. shown is the impedance that terminates the gap if one looks
All of the mount configuration parameters, shown in Fig. 2n from one of the waveguide ports, effectively reversing the
are variables and the significance of each parameter is dgut and load.
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Fig. 4. Equivalent circuit of the post mount.

[ S Fig. 6. C-band test fixture.
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Fig. 5. Graphical description of how the mode coupling is determined. Coaxial Line

There are two separate coupling mechanisms for the trapg; 7 versatile measurement mount.
formers, each made up by two factors. The first factor in each
case is the positional factor. Fig. 5 shows conceptually hdw Fig. 2. A summary of the mount parameter primary effects
the positional factors are determined for an arbitrarily placesthows the following:

gap and flat post in the waveguide cross section. Note, for,  waveguide width—sets dominant mode frequency

example, the #” index at the upper right. The four values range;

for n are the labels for four mode field variations for the 4 waveguide height—multiple effects on mode charac-
respective modes. The horizontal line through the middle of teristics;

the gap (ateight = h) marks a value from O to 1 for each of h gap position—gap coupling coefficients;

the four modes, defining the:" positional factor. This factor s  post position—post coupling coefficients;

is simply a function of where the gap is in the post and is ¢ gap size—sets#” index convergence;

called the “gap coupling factor.” w flat post width—sets+” index convergence.
A corresponding “post coupling factor” is related to the po-

sition of the flat post with respect to the waveguide sidewalls.

Again note the various coupling values indicated with the V. EXPERIMENTAL DEVELOPMENT

vertical line for the different #»” mode indexes. This process Experimental analysis was carried out to guide and verify
holds for the infinite number of modes for both and . the theoretical work. Measurement of this terminal impedance

The second factor in both coupling relationships is a convefas not considered possible because of the inaccessibility of
gence factor that simply determines how many modes shoglé terminals. This fact probably accounted for the lack of
be included for bothn andn indexes. These factors are relate@ublished material dealing with the problem. However, with
to the gap size (gap coupling) and post width (post couplinghe advent of subminiature coaxial cable and connectors, it was
(Note: modes forn = 0 do not exist.) possible to isolate the terminals electrically without affecting

The equivalent circuit of Fig. 4 simply provides a means afie surrounding field conditions by running the measurement
defining the coupling between the impedance present in ttiecuit cable inside a circular post. A versatile mount fixture,
gap and the mode impedances present in the waveguide arshe&wn in Fig. 6, was designed incorporating this concept to
It is a linear passive reciprocal doubly infinite network whosallow impedance measurements for different gap positicn “

elements are a function only of the mount parameters shoand post position $,” shown in Fig. 7. This simple approach
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Fig. 9. Post circuit for incidenTEg.

shows the result of moving the gap halfway up the post.
Since the post is centered, only coupling to theodd modes
exist. One of these, th€Es,, has a pole at 9.45 GHz, which
causes the resistive part to have a zero at that frequency by
decoupling energy to th&E,o propagating mode. Additional
test configurations are included in [1].

The two graphs of Fig. 8 show a high degree of correlation
between the theoretical results and the measured data. Based
on all of the data taken, it was reasonable to conclude that
the theory presented was valid and that the measurement tech-
nigue developed was highly successful. Since the measurement
technigue had proven itself, it could be used in applications
where the configuration could not be handled theoretically,
thus providing a unique capability.

The experimental part provided an instrumentation tech-
nigue to measureZg inside the waveguide, providing con-
firmation of the equivalent circuit (analysis). This technique
has also been independently applied to a variety of struc-
tures where an internal terminal impedance characterization
is desired.

VI. POST As AN OBSTACLE

The terminals of Fig. 4 associated with the propagating
modes can be considered as input ports for each respective
mode, thus allowing description of the mount as a load
to an incident waveguide mode. The case of the incident
fundamentalTE;; mode deserved special attention. Fig. 4

Fig. 8. Theoretical and experimental impedance comparison for differeélén be “turned inside-out” to result in Fig 9. which has the

configurations of the mount. (&' = 0.5, ’ = 0.035. (b) s
h! = 0.5.

of the cable in the post was a second big breakthrough. If the
experimental effort had not produced such reliable and self- "
consistent results, the necessary insight to develop the theo%1

would never have been obtained.

More specifically, the data indicated that the doubly infinite
waveguide modes should be combined as a sum of an inverte
sum, rather than as a double sum. This was a significqg
deviation from prevailing approaches [4].

= 0.5,

TE,, terminals as the two waveguide ports. For this restricted
frequency band, all of the other modes can be consolidated
into one of the following four reactive elements.

the sum of the rest of the = 0 modes.

capacitance due to TMm1 modes.

inductance due to TEm1 modes.

combined capacitance effect of all TE and TM modes
for n > 1.

%ome related measurements were made using standard
I:hniques for théI'E;, mode. An interesting case is that

of the “tuned post” represented by the family of curves in

This Q-band test fixture (fundat_merlta| mode @ 4-6 GHZF)ig, 10. The gap size is varied from zero to slightly larger than
was built and used for characterization up to 22 GHz. whej¢s the guide height. The gap impedange is determined
many higher order modes are propagating. A small 0.065-igymply from the parallel-plate capacitance of the end of the
diameter coaxial cable was put inside the post to measwigcular post, which was centered to decouple fEE,,
the mount as a terminating load. Measurements are shoigde. This extended the dominant mode region to 7.46 GHz,
for a range of mount parameter values. Fig. 8(a) shows th cutoff frequency for theIE;; and TM;; modes, thus
impedance for the most typical mounting configuration, wheggermitting observation of the characteristic at 6.77 GHz where
the post is centered and the gap is at the bottom. Fig. 8¢be reactance is independent of the gap size. Actually, the
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reactance is independent of any impedafige which happens
to be present at 6.77 GHz because the admittance functiort’
infinite at this frequency due to the resonanceCdf and L1
shorting out the gap. This interesting feature would not Bunn diode in a waveguide mount with a sliding short. In
present if the gap were centered halfway up the post. some cases, the oscillation frequency was relatively insensitive

Electronically tunable elements can be designed usifg the tuning plunger position. In others, abrupt changes in
voltage-tunable devices mounted in this matter. By usirigequency and power output were observed. These observa-
reduced-height waveguide, the resonant frequency would tghs represented a ready-made opportunity to test the new
pushed higher, eliminating the restriction on the tuning curvesquivalent circuit. The circuit model was extended to include
An example of such an element is the common switchingle packaged diode and a tuning waveguide short circuit [8],
element employing a p-i-n diode as a varialde. as shown in Fig. 12.

The second example shown here has the gap shorted (postig. 13 shows some frequency and power behavior pre-
from bottom to top, ) thereby leaving only the post inductancicted by the mount circuit, which closely resembles the
(other examples are shown in [1]). Fig. 11 compares measupglished experimental results. Each curve in Fig. 13(a) is
ments for a circular post and flat post with the theory for ﬂ‘@rectly related to a frequency versustuning curve of the
flat post for three different positions across the waveguid@rm in Fig. 14. Consider tuning the mount by increasing
This confirms that the approximation is justified for a flat post, starting with L ~ 0. At some point the device starts

[:8 12. Kwu-band diode mount circuit.

with a larger dimension representing a circular post. to oscillate, with resulting output power. If the conductance
associated with the tuning curve becomes greater (&ay],
VII.- GUNN OSCILLATOR BEHAVIOR the oscillation at this frequency will cease. However, if another

During the circuit development, several papers appeansbonant condition exists, a new oscillation will be initiated
that described unusual and unexplained tuning behavior ohiaa reduced power level. This change-over will appear as



EISENHART: RETROSPECTIVE ON 1999 MICROWAVE PIONEER AWARD 2207

60 T
DATA Zn 000 XXX
- = THEORY 2
(@  GrLoap £
K=
[
Q
=
’E 20
7
0 L — g
0 t 4 1 . } 0.
8 10 12 14
(b) PLoaD Frequency (GHz)
0 t A i }
0 - L— -
Distance to Short (L - mm) g -40 T
L
Fig. 13. Typical curves for a multiresonant waveguide mount. L
A A 3A g w01
20+ }2 9 Tg & Zn
fs=1906Hz \ = o i ZR| Ge
04 13 23 : 2 20 120 7mm ‘
181 50 Q ‘"‘"’I-l—r
Coax 1 u

164 Fig. 15. Impedance comparison for equivalent gap versus coax.

Frequency (GHz)

reported by others in the literature. This “tuning characteris-
tics” paper was referenced 17 times through the mid-1980’'s
and was a strong contributor in convincing people of the power
and utility of an accurate circuit model.
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VIIl. CoAX-GAP EQUIVALENCE

Fig. 14. Theoretical tuning curve showing frequency jumps. It had been suspected for many years that a gap at the end of

a post would have similar input impedance characteristics as
a frequency and power jump and is indicated by the first small coaxial entry with the post as the center conductor
discontinuity in Fig. 13 at point 1. As long as thg/2 curve [6], [9]. Measurements were made and compared with the
remains aboveéGp|, the tuning will follow the \g curve, as theory to determine if there was some sort of equivalence [10].
shown up to point 2. There transfer takes place back to thig. 15 shows a close correlation between the post gap [1] and
Ag/2 curve with the associated frequency and power jump.coaxial entry in the broadwall of a waveguide, measured in
The next transition occurs at point 3, where it is observed thdtband waveguide.
frequency jumps due to the curve transfer, but with a relatively It is concluded [10] based upon these measurements that the
constant power output due to continuity Gf; . coax—waveguide junction can be represented by a post with a
Fig. 14 shows the frequency variations for the tuning digap for nominal values of post and coax size. This then allows
cussed. A “frequency saturation” effect is also shown herdirect circuit dpsign to.be applied to configurations using the
whereby the tuning curves are limited at the high-frequen&pax—waveguide junction.
side by the 19-GHz boundary, established by the series reso-
nance of element&'1 and L1 in the circuit. This is the same IX. EXTENSION TO TWO GAPS
resonance noted in Fig. 10 and can be similarly increased byanother very useful configuration that is related to the “post
simply decreasing the guide height. This figure also shows fitta waveguide” is one with two gaps in the post [11]. Fig. 16
conductance values along the curves. Note that the tuning pgiRbws the versatility of this arrangement, and Fig. 17 shows
leaves the curve when the conductance exceeds the maximue equivalent circuit.
value for Gp = 5.0 mmho, jumping to the next available This circuit has all of the same modes as before, but
tuning condition. It also jumps back to the initial curve whemdditional coupling mechanisms between the gaps and modes
the conductance drops back down below 5.0 mmho. now exist in addition to the second gap. The same freedom
By using the “post in a waveguide” circuit, it was possibl¢o place the post position and the two gaps along the post is
to fully explain the frequency tuning, jumping, and saturatioimherent in the circuit elements, and there is no restriction on
along with output power variation and jumping that was beintipe loading of the coaxial lines or the waveguide arms. The gap
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and coax configuration could represent a parametric amplifiég. 18. Theory and experimental comparison for varactor tuning.
or upconvertor, which has the appropriate filter in the coax
line and a varactor in the gap. It could also be an IMPATT
or Gunn oscillator with a sliding short in the waveguide, and
using the coax to model the bias line with some loading, as
demonstrated by Kurokawa.

Figs. 18 and 19 show a couple of additional comparisons of
theory and experiment for variations of the two-gap configura-
tion. Fig. 18 uses a standard packaged varactor in the gap with
two different bias conditions to show the effect of changing
the capacitance in the gap. Surprisingly, there is more shift
in the resistance than in the reactance. Nominal values for
the varactor and its package elements were used, thus, some
of the deviation from theory could be due to error in these
values. Fig. 19 addresses the double coax configuration with a
varying load on the opposite coax port. One case has @ 50-
termination and the others are two positions of a sliding short

Resistance {ohms)

to simulate large changes in reactance. 0 t t t —t
The correlation is not perfect in these comparisons using 8 10 12 14
coax, but quite usable considering all of the approximations Frequency (GHz)

or “equivalencies” involved. Certainly, the theory is accurate 0
enough to do initial designs before fine tuning.

40 ==
X. CONTRIBUTIONS BY OTHERS

As the years have passed, application of these theoretical
and measurement techniques have not diminished as use of
waveguide circuits have shifted to higher frequencies. The
rest of this paper focuses on the works of others, who used
the analysis/measurement technique to do something new or Data
extended the analysis to a different application. Some of the  -120 o Theory T
more unique or interesting papers of over 100 appearing since
1971, are briefly discussed, more or less in chronological ordeig. 19. Theory and experimental comparison for a load and sliding short.
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dependent, and allows a more intuitive understanding of the
mount. Actual values were measured using ax48cale
model.

Alexander and Khan applied the analysis to a coaxial cavity
with a gap in the center conductor [21].

Joshi performed a major extension of the analysis in 1977
with a pair of papers, characterizing the circuit to allow multi-
ple semiconductor devices to be included and, subsequently, a
development that allowed multiple posts with different devices
in the gaps [22]. The first of the pair provided a more general
extension to multiple gaps, allowing them to be either in the

@ (®) same post or separate posts. The second paper then discussed
Fig. 20. Model for embedding impedance measurement. (a) Actual configr detail the cases of two gaps. The two-post configuration
uration. (b) Scaled model with cable. T . . .
allows much more flexibility in circuit design and has been
applied successfully to varactor-controlled oscillator circuits.

Jethwa and Gunshor used the equivalent circuit to expldiuch an application was not feasible with the two gaps in a
tuning and mode jumping effects for a Gunn diode oscillatsingle post because of the need for independent biasing of
[12]. This parallels the results of [8]. the varactor and source diodes. Application of this work led

Williamson published many papers for a variety of waveo a large program at Philips Broadband Networks supplying
guide mounts and takes into account the cylindrical nature \edractor-tuned Gunn oscillators for the Skyflash air-to-air
the post. The first of these [13] shows results only, comparimgjssile over several years.
to measured data of [1]. A full analysis is made later in [14]. Eaton and Joshi followed with an excellent applications

El-Sayed had the first paper to apply the analysis to two flarite-up for the two-post configuration [23], which discusses
posts in the same waveguide cross section [15]. many options with the posts, gaps, and other parameters

Next is a discussion of five papers by Kerr, either asvolved, leading to the successful design of commercial
author or co-author, demonstrating improvement in mix@roducts.
performance. The first is a landmark paper in low-noise Mizushina et al. applied the basic analysis to a ridged-
millimeter-wave receivers [16]. It is the first time cryogenicallyvaveguide configuration, resulting in wider bandwidth opera-
cooled Schottky mixers were used, and the noise temperattiom for the mount [24].
was about half that of the previous state-of-the-art. The useHere is another group of three papers with an interest-
of [1] was to provide an understanding of the waveguidag similar extension of the analysis. Rutledge and Schwarz
mount to the author so that the design would allow thdemonstrated the flexibility of the analysis approach for active
diode to see an acceptable impedance over the whole wasttictures (detector and oscillator grids) [25] when it was
guide band. Previously, attempts had been limited to casitermined that if free-space modes were substituted for the
in which the diode had a fairly simple embedding networkormulation, then the impedance for these structures could
The second paper was selected for the 1978 Microwaakso be predicted with excellent agreement between theory
Prize [17]. This was the first accurate analysis of a Schottiand experiment. This was particularly interesting because there
diode mixer, taking into account harmonic terminations uig no waveguide. Popowiét al. represents another extension,
to 6fLO. This paper used the experimental technique dhis time to a two-dimensional grid loaded with transistors,
a 64x scale model so that the embedding impedance fplaced inside a Fabry—Perot cavity, and demonstrating a quasi-
a greater than 6:1 frequency range could be characterizegtical approach for generation of microwave power [26]. The
Fig. 20 shows how the cable replaced the Schottky diodeid acts as an active surface with a reflection coefficient
to make these measurements. The third paper demonstrageghter than unity, allowing oscillations to build up. Assuming
for the first time the accuracy of Tucker's three frequencgn infinite array of devices and a plane-wave excitation, an
guantum mixer theory using an SIS mixer with a fairly largequivalent waveguide unit cell is defined for a parallel-plate
wRC product [18]. This paper used the experimental techniqueveguide, having electric walls on the top and bottom and
on a 40« scale model so that the embedding impedanceagnetic walls on the sides. An equivalent circuit can then
could be accurately measured. The fourth paper also udexideveloped for this configuration, adapting for the modified
the measurement technique [19], this time on a1G&ale waveguide. Popotiet al. then used a similar approach to
model over 6fLO. The fifth paper was the first 100-GHz mixethe “bar-grid” paper, with a modified configuration, this time
to come close to the fundamental quantum noise limit wittupporting 100-MESFET’s on a substrate [27]. Fig. 21 is
Thixer < 5.6 K, nonclassical conversion losd.[= 0 dB a photo of the 100-element planar array. Biasing lines are
double sideband (DSB)], and negative IF output resistance ¢ionnected to the sides of the array. Fig. 22 is a closer view of
a resistive mixer) [20]. In this paper, the form of the equivalerihe connections to the individual MESFET'’s and it shows the
circuit is based upon [1], from which it was possible to identifgymmetry for defining the unit cell. All of the devices share the
the circuit reactances with energy storage in particular grougame biasing and tuning circuit, making the structure attractive
of evanescent waveguide modes. This choice of equivaldot combining a very large number of devices. This paper was
circuit results in elements that are not strongly frequen@jso awarded the Microwave Prize.
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validating measurement technique was presented. A variety of
applications of the analysis and measurements were discussed,
including the related works of others.
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Fig. 21. 100-MESFET array.
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Fig. 22. Biasing arrangement for the array unit cell.

Hicks and Khan investigated the equivalence ratio betwe&f!
round and flat posts by taking into account the current vari-
ation across the post [28]. Curves are provided, showing tH&]
dependence on post diameter, post position, and frequency, ,

Skrehot and Chang used the equivalent circuit for the two-
gap configuration in a novel way to characterize the material of
the flat post [29]. The calculated resonant frequencies and ng

Bl —.
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