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As we move to successively higher microwave bands, we usually start out withcebarekr,
which does not discriminate between sidebands — signals on both sides of the LdledbOsci
are transmitted and received, as well as LO leakage. As the equipmenbigeidyfiitering the
LO and image signals from the mixer is desirable. We don't want to wasmitt@r amplifier
power on these signals, and removing the image from the receiver removes hatfa$é¢he
lowering the Noise Figure.

For the common 144 MHz IF frequency, filtering becomes harder with each biyr A

bandpass filter must be less than perhaps 100 MHz wide, which is a bandwidth of 0.4% at 24
GHz, 0.2% at 47 GHz, and 0.13% at 78 GHz. A low-loss filter with a bandwidth of less than 1%
is considered difficult.

The only amateur filter | know of that can meet this requirement is orteutgtt to Peter Riml,
OE9PMJ (SK). Other filters are described in the professional litetdiut practical details are
few. Most commercial filters are made by small companies with clgselyded secrets, and
most products are broadband filters rather than narrow ones.

Even for the OE9PMJ filter, very little has been publiskéd at least in English. A few
sketches like Figure 1 may be found on the\ebut no explanation of how or why this filter
works. 1 only found one similar filt8in professional literature, and rather than tuning screws, it
has tuning disks with posts for unwanted mode rejection.

Before | retired, | had access to the An$tiiSS Electromagnetic simulatdand was able to run
interesting projects at off hours. | simulated the OE9PMJ filter to try andstaddrt, and to
see if it was possible to make filters with amateur facilities, oremdancy machinery would
be required.

Filters

The OE9PMJ filter is basically two coupled resonant cavities. A cawbnedor is just a tuned
circuit, so the filter is just a double-tuned ciruit. The coupling is what deterthaehape of

the bandpass response, shown in the example in Figure 2. If there is not enough coupling
between the resonators, the undercoupled response is very narrow and lossy, whalésitdloer
much coupling, the overcoupled response has two peaks with a dip between them. The input
Return Loss also has two peaks, which are not necessarily at the sgueadseas the bandpass
peaks. If the coupling is just right, called critical coupling, the responsaxisnally flat and the
Return Loss is pretty good across the bandpass.
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Figure 1 — Sketch of OE9PMJ Filter (thanks to KOCQ)



Double-Tuned Filter, Coupling Varied W1GHZ
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Figure 2 - Coupling response for double-tuned circu it

To make a very narrow filter, a very small amount of coupling is required and the |f@amg
the input and output must be very light, so that the circuits have high loadeth® required
Quis

or about 500 for 0.2% bandwidth. To keep the loss low, the unloagdtié€lnherent Q of the
cavity, must be much higher — roughly ten times as high for loss under 1 dB. Taguiyed at
24 GHz is about 2500 for a filter with 100 MHz bandwidth, or about 5000 at 47 GHz.

| have made good waveguide post filfefiar frequencies up to 24 GHz that are narrow enough

for a 144 MHz IF and have reasonably low loss. The estimated Q of these waveytiee isa

about 4000, so this type of filter would not be good enough for 47 GHz and up, even if you could
make one — dimensions would be very tiny and critical.



One way to make higher Q cavities is to use right cylindrical cavity nratdlesr than waveguide
transmission modes — this is what is happening in the OE9PMJ filter. Microwavened

book$ have mode charts that show very high Q for some modes. They also show that there can
be several modes with little frequency separation — that is why we prefiemtast order

waveguide mode for transmission whenever possible. What they don't show is how to couple
energy in and out of the cavity in a desired mode, so a working example like the ORH#MJ f

is a great place to start.

One problem with simulating a very narrow filter is that there are no softumireytscrews to
adjust. Dimensions must be very close and simulation must be in small frequency Steps t

the narrow response — this takes a lot of compute time. Then each change takes anatirer long
(get the results the next morning). Since Reference 1 had changes penciediéd &ll the
dimensions to be sure that the original 24 GHz cavity dimensions are correct: A&hameter

and 11.5 mm deep.

24 GHz Filter

For 24 GHz, there are some results on the"i@tcomparison. What we find, in both
measurement and simulation, is that there are multiple responses, as showreii3 Filg

addition to a desired passband at 24 GHz, there are two others, at ~20 GHz and ~25.2 GHz.
The one at 20 GHz is far enough away to ignore.
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Figure 3 — Wideband response of 24 GHz OE9PMJ filter  from F5DQK

Some trials with tuning screw depth in Figure 4 show that the tuning screw mowvsGitz
bandpassipwardin frequency as the screw is inserted — it is reducing the effective hetblet of
cavity rather than adding capacitance. Yet the tuning screw has no efteet2Zm2 GHz
response — it is only changed by changing the full cavity height.

Figure 4 also shows a glitch between the two responses — this appears to be dumitogthe
screw. The glitch becomes larger as the screw depth increases fouald that a larger tuning
screw diameter made the glitch larger.
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Figure 4 — Tuning screw insertion  increases frequency

With the simulator, we can look at fields and see that the 24 GHz (Figure 5) and 25.2 GHz
(Figure 6) responses are different modes. In Volume 11 of the RADLAB hadbéee is an
explanation of mode numbering in circular cavities, along with the mode chart thzeduase
the standard in all reference bobksThe mode chart confirms that Figure 5 is the;TBode —
the E-field does not contact any of the walls, so loss is low and Q is high. The 25.2 MHz
resonance in Figure 6 is at the right frequency for thg;f&ode. The resonance around 20
GHz is at the right frequency for the ZEmode.

Figure 6 — E-field at 25.2 GHz



Looking more closely at the 24 GHz bandpass in Figure 4, it appears overcoupled, both in
simulation and in published results, with a dip in the middle of the bandpass. Overcoupling
makes the skirts slightly steeper, but it also makes tuning more difficulte-areetwo peaks,
and it is hard to peak the filter and have good VSWR simultaneously. Even if the bandpass
appears flat, the input Return Loss will have two peaks, making it hard to certtantpass.
Note that the skirt is very steep on the low side with excellent rejection, but poortagthe
side, so this filter is only really good for low-side LO injection.

There are three coupling holes — one input and one output at the ends, which should be identical,
and a central hole which is the coupling between the two cavities. The holes are dbapling

H-field oriented in the z-directidnparallel to the cavity centerline. | tried various combinations

of hole diameters, and found that increasing the central hole diameter eésdfgasoupling

between the two cavities, and the bandwidth is proportional to the coupling.

Loading is trickier. For a given coupling hole, increasing the end hole diam&teases the
loading, which reduces the effective coupling, so that increasing the end moé&tatiahanges
the response from overcoupled to critical (maximally flat) to undercoupledr&=2).

For a low-loss filter, we would like to make the bandwidth as large as possibltlldma/e
adequate image and LO rejection, then make the loading for critical respoas®fih tuning,
with a single broad peak and single best VWSR at the same frequency.

For the OE9PMJ filter, increasing the center coupling hole increasesntiwidth. Then the
end hole diameters can be increased for critical coupling and maximuaes#atAs the
bandwidth increases, loss decreases and tuning becomes easier. Sevenaticmshire
simulated in Figure 7.
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Figure 7 — OE9PMJ Filter Coupling Hole Variations

However, as the bandwidth is increased, the high-side rejection between the 24 geHzaes
and the undesired 25.2 GHz response gets worse. If anything in this rangs, rieitethe
wider bandwidth may not be a good choice.



Measured results

In the past year, | have become part of a local Makerspace with a good maodipind kis has
provided access to CNC (Computer Numerically Controlled) machinery andisgserthat |

have been able to learn how to use it. Now | have the facilities to accurategpaodiicibly
machine OE9PMJ filters and other microwave gizmos. The completed filtegure8 shows

the construction, with the cavities machined into one block and the tuning screws in the cove
An alternate construction, if CNC machinery is not available, is to maketératiithree pieces,
with a center piece the exact height of the cavities and two cover pieces.
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Figure 8 — 24 GHz OE9PMJ Filters showing constructio n

Figure 9 — OE9PMJ Filters for 24 GHz — note Wavegud e orientation



| started out to machine three 24 GHz filters to compare to Figure 7 and validsiteutation
results. Since | was just learning, | screwed up 2 of the 3 and had to start mgueed that if |
started 5 more, | might end up with 2 good ones, but all in this batch were successftiigriesul
6 good filters, shown in Figure 9, including one with larger diameter tuning sctattempted
to make the range of coupling holes similar to the simulated values in Figure 7 -daoneters
are shown in Table 1:

The measured results with a VNA, in Figure 10, are quite close to the simukaiks, €0 the
simulations are valid. Even the widest one only has a bandwidth of 38 MHz, much sharper than
needed, with LO rejection roughly 50 dB down. Loss is about 1 dB for all.

Figure 10 - 24 GHz OE9PMJ Filter
Coupling hole variations
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Another result validated in measurement concerns tuning screw size. Alldredkcept one

are tuned with M4 tuning screws from some cellphone surplus, and show a small glitch in the
response somewhere between the 24 GHz bandpass and the 25.2 GHz unwanted response. One
filter, #5, is tuned with larger M6 screws, and it has a larger glitch visiblgyimd=10,

demonstrating that the glitch is due to the tuning screws and a smaller tuewgsspreferable.

This is an important result for higher frequencies.

The sixth filter was tuned to 24.048 MHz, the European calling frequency, also used for EME
The measurements are shown in Figure 11. This filter is slightly overcoupled -ntipabsis
nearly flat, but the return loss has two peaks.

Figure 11 - 24 GHz OE9PMJ Filter #6
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We can estimate the unloaded @J the cavity resonators from the bandwidth and loss. For all
these filters, the unloaded cavity @ roughly 8000, which is pretty spectacular, even though
the theoretical Q much higher. This measured, @r these cavities higher than the textbook
number for the lowest mode rectangular waveguide resonator used in post and&isThiese
cavities are just bare aluminum — | don't have a convenient way to get gaoohetegrade

silver plating, and most other plating is just cosmetic, with additives to mdkeaytwithout
increasing conductivity.



Tuning and Fine Tuning

| tuned up the 24 GHz filters without a fancy network analyzer. | have an X-bant signa
generator, a frequency doubler, and power meters to measure transmitteftbatedi ngower,
with an isolator before the filter so that the input power stays reasonablyntoridtde the
waveguide orientation in Figures 9 and 12 — the tuning screws are parallel to ehsidasgof
the waveguide.

| start with the tuning screws all the way out, and tune the signal generator to fieddahant
frequency — since the CNC machining is precise, the two cavities should be very ¢lese

same frequency. This starting frequency is just below 24 GHz. Then | adjusinidle s

generator frequency higher until the output power drops perhaps 8 or 10 dB, and repeak with the
two tuning screws at the new frequency. Repeat until the desired frequency, 24.048 or 24.192
GHz, is reached.

Then | manually tune the signal generator and record the power output to plot theaedpibns
is undercoupled or too narrow, the center coupling hole may be enlarged slightly toeiticecas
coupling. On the other hand, if it is overcoupled, the end holes may be enlarged slightly to
increase the loading. Slightly is perhaps 0.1 mm, or one size of US numbered drills.

If you don't have a tunable signal generator, just adjust both tuning screws tetmiieuntil
you find some output, then tune for maximum smoke.

Figure 12 — Test setup for tuning filters



Single Cavity Resonator

One published source also shows a single resonator, which isn't as good a fitesobuttimes
easier to make — probably not for these filters. However, it does make itteasielerstand the
loading of the input and output holes. Since | had two filters with one good cavity and ia broke
drill in the other, it was simply a matter of milling off a bad half to makmgle cavity

resonator.

| started out with very small input and output holes and made measurements withrigdnebesi
diameters, always equal. The resulting bandwidths and losses at 24.192 GHz arm Srable
2. Numbers are approximate since these were measured manually. For gid{deggize and
widest bandwidth, the LO rejection at 24.048 GHz is about 25 dB, about half as much as a two-
resonator filter.

|
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From these numbers, we can again estimate the unloaded cawadtya€@und 8000.

Summary — 24 GHz

The OE9PMJ filter is quite sharp with a steep skirt on the lower side good fordew:@i
injection. For 24 GHz, it is sharper than necessary — a waveguide post filtegusitadend is
much easier to build. However, for high-side LO injection, the rejection is much polmea
24 GHz system with 432 MHz IF and high-side LO, there might be almost no iejaggan.



Higher bands

Figure 13 — OE9PMJ Filters for 47, 78, and 24 GHz

| had also simulated filters for 47 and 78 GHz when | had accessh-8®software. Once
the 24 GHz results were validated, | also machined filters for 47 GHz and 78 Gidze EB
shows the filters for all three bands. Like the 24 GHz filters, the 47 GHorédvas the cavities
milled into the aluminum block and the tuning screws threaded into the cover platee Hgs

an inside view.

Figure 14 — 47 GHz OE9PMJ Filters showing constructi  on



A simulation of the published filter dimensions for 47 GHz shows a response, in Figure 15, show
in response similar to the 24 GHz filters in Figures 3 and 4. There is a very Spamseeat the
desired frequency for the & mode, a broad response at a higher frequency for the Made,

and probably the Tk response at a much lower frequency, out of the simulation range.
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Figure 15 — Simulated response of OE9PMJ filter for 47 GHz

The published dimensions for these bands appear to be scaled up from the 24 GHz dimensions.
A consequence is that the wall thickness between the cavities and at the endsshegrthin,

since it is only 1mm at 24 GHz. A perennial frustration for microwave enginebid irmulas

and charts in the books always specify "for a thin wall,” leaving the readeess how thin or

thick is acceptable. Using ti#~SS simulator, | tried slightly thicker walls and found that
increasing the hole diameters slightly would compensate without any obviodsatsefl made

some 47 and 78 GHz filters with thicker walls to validate this as well.

| completed six filters for 47 GHz, with the dimensions shown in Table 3. Filters # 1 and 2 hav
0.5mm thick walls between the cavities and at the ends, like the published dimensiorest The r
have 0.75mm thick walls, with larger holes to compensate. The hole sizes were chogeh to ma
good simulation results. All the filters have silver tuning screws with 2-56dbheacept for #5
which has 2-56 brass screws.



Table 3

The simulations suggested that the published dimensions produce an overcoupled response, with
two peaks and about a 2dB dip between the peaks. Increasing the end hole dimension to 2.3mm
flattened the passband as shown in Figure 16, and the measurement confirms thisgligtht e
correlation.

47 GHz OE9PM I Filter #1 - Published Dimensions
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Figure 16 - 47 GHz Filter #1, simulation and measure ment

| don’t have any 47 GHz measurement capability, but | was able to use a RohdéwardzSc
ZVAG67 VNA provided by Greg Bonaguide, WA1VUG, at the 2017 Eastern VHF/UHF
Conference. The VNA only has 1mm coax connectors in and out, so | made WR-19 waveguide



to coax transitions with small-pin SMA connectors — | couldn’t find a source for K ctmiee

The VNA was only calibrated to the 1mm connectors, So measurements were thasewi
uncalibrated adapters at each end: 1mm coax to 3.5mm coax, and SMA to WR-19. A plot of the
two waveguide adapters connected together is shown in Figure 17. Return Loss K514nd O

the insertion loss S21 is 2 dB or so total for the all the adapters.
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Figure 17 — Plot of the uncalibrated coax and waveg uide adapters connected together

The measured insertion loss in Figure 16 and subsequent figures has the insertioridass in F
17 subtracted algebraically from the raw measurement — Figure 18 is an@xdiheldifference
is about 2.7 dB at 47.1 GHz. |did not attempt to correct the S11 plot. You may estimate for
yourself the uncertainty in these measurements.
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Figure 18 — 47 GHz filter raw data and insertion los s after subtracting transitions



All the 47 GHz filters are plotted together in Figure 19. Except for #4, all haedentdilter
characteristics with low loss and good LO rejection for a 144 MHz IF. Filter ittbflve brass
screws, has no more loss than the others, so the expense for the silver screwsagasamne
As for filter #4, 1 don’t remember whether it had a problem or whether | was did nat tune
properly — I had very limited time with the VNA to tune and measure the filters.

47 GHz OE9PMJ Filters - Measured data
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Figure 19 — Measured response of six filters for 47  GHz

A wider-band response for the six filters in Figure 18 shows results similee 81tGHz filters.
All the filters have a steep, deep cutoff on the low-frequency side, but lespre@tthe high
side. The filters with larger holes have a wider passband but even less higfjesitierr.



47 GHz OE9PM!I Filters - Measured data
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Figure 20 — Wideband Measured response of six filte  rs for 47 GHz

An even wider band plot of one of the filters in Figure 21 shows a response comparable to the
simulated response in Figure 15, with the narrow desired passband and the wider drex at hig
frequency. There is also a glitch between the two passbands like the dneeattio a tuning

screw at 24 GHz.
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Figure 21 — Wideband raw data plot for 47 GHz OE9PMJ Filter



Thicker walls

Several of the filters were made with thicker walls, since | wasn& lsow thin a wall can be
milled, especially the very thin ones for 78 GHz. At 47 GHz, the thick walls are 0.¥Smm
0.5mm for the published dimensions.

The first experiment is Filter #3, which has holes larger than the holes in#ilby slightly less
than the wall thickness. A comparison of the two filters is shown in Figure 22 #3lte
slightly undercoupled — it might be improved by making the center coupling holeslayiggbr,
to at least the wall thickness.

47 GHz OE9PM ! Filter - Thin (#1) and Thick (#3) Walls
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Figure 22 — Comparison of 47 GHz Filters with thick  and thin coupling hole walls

Filter #3 shows good correlation between simulation and measurement in Figure 23, as doe
Filter #6 in Figure 25. This confirms that simulation is able to predict the perfoewath both
thick and thin walls, and that the wall thickness may be increased a modest amioonut wit
hurting performance. It appears that the hole size should be increased by roegalymée
distance as the increase in wall thickness, at least as a starting point.



47 GHz OE9PM! Filter #3
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Figure 23 - 47 GHz Filter #3, simulation and measure ment

47 GHz OE9PM! Filter #6
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Figure 24 - 47 GHz Filter #6, simulation and measure ment

However, when the hole sizes are increased further, to widen the bandwidth, corfetatieen
simulation and measurement is not quite as good, but still reasonable. This is fbe lvae
thin walls, for Filter #2 in Figure 25, and thick walls, for Filter #5 in Figure 26. The ay&nt
of the wider bandwidth is that these filters have lower loss, as can be seerrénlBigu



47 GHz OE9PMU Filter #2
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Figure 25 - 47 GHz Filter #1, simulation and measure ment
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Figure 26 - 47 GHz Filter #5 (thick wall), simulatio n and measurement
Summary — 47 GHz

The OE9PMJ filters for is quite sharp with a steep skirt on the lower side good fsidewO
injection. | know of no other filter configuration capable of being made narrow krioug 144
MHz IF at 47 GHz.



78 GHz

The previous results verify that it is possible to build OE9PMJ filters thatrsatwlated

results and work well at 24 and 47 GHz, so | was confident that 78 GHz filters would samrk al
| machined six filters for 78 GHz — Figure 27 shows the construction. These yasmadl, and
there is very little meat left for screw threads, particularly the gade screws.

Figure 27 — OE9PMJ filter for 78 GHz showing construction

Testing at 78 GHz is another problem. Tom Williams, WALMBA, has a scalar netnalgk er
with waveguide ports covering this range, so | sent him the first prototype.tdiestad
difficulty tuning it, so | arranged to visit and spend a day tuning all thesfiltehad also
acquired a set of miniature pin gages to accurately measure the small hadtedsa

We adjusted the hole sizes in the first filter, cleaned it carefully, andedijire tuning, with the
result shown in Figure 28. The loss is a bit high but still usable, and the filter respprestey
good.



Figure 28 — Performance of 78 GHz OE9PMJ Filter #1

We then adjusted the hole sizes in the other five filters, cleaned and assemb|exhthested

them. None of them could be tuned to frequency. Each one looked good before the tuning
screws were inserted in the cavities, like Figure 29, but at a frequencythelt»and. Inserting

the tuning screws raised the frequency, as expected, but also produced a notchporise szs

the loss increased as tuning approached 78.2 GHz and the passband shape was distorted. My
suspicion is that the tuning screw diameter is too large and produces a notch like the one
produced by large screws at 24 GHz, only much worse, so that the bandpass is affected.
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Figure 29 — Response of 78 GHz Filter #3 without tun  ing screws inserted in cavity

Since the tuning screws were not working, another way to raise the freqa¢acgduce the

size of the cavity. We sanded off perhaps 0.1mm with very fine sandpaper, thed eledne
reassembled. Now we were at least able to tune for a usable bandpass, but wogshgiiolvn

in Figure 30. We considered sanding enough to move the passband up to 78.2 GHz, but that
would take a lot of work and would make the coupling holes asymmetrical in the cavities



Figure 30 — 78 GHz Filter #2 after sanding and retun  ing

The filter in Figure 30 does have a use — our 78 GHz source for MDS testing previously had no
filtering for image rejection. Several of the 78 GHz systems only havarbaees, so they also
have no image rejection, and would find two signals during testing, not neceastdrdysame
strength. Adding a filter to the MDS source will assure that the sigreives is the correct
sideband.

Photos | have seen of OE9PMJ filter for 78 GHz use commercial microwave taremg swith
no thread inside the cavity. | didn’t have any of these, and ordinary screws wioak tive
lower frequencies so | went ahead with silver screws. Obviously, we have foumditéolr
ordinary screws, so the next step is to acquire some microwave tuning screwsdiiydhrase
filters or make new filters.

Summary — 78 GHz

The one successful filter demonstrates that it is possible to make an OE9¥ferfir8 GHz,
and this one is going in a system. More work is required to make them reproducible.

Conclusion

The OE9PMJ filter is quite sharp with a steep skirt on the lower side good fordew:@i
injection and has low loss. For 24 GHz, it is sharper than necessary — a waveguidepisst filt
adequate and is much easier to build. For 47 GHz, it provides excellent performareéetse
are few viable alternatives. At 78 GHz, performance is also good, but construtéibs rkeed



work. However, for high-side LO injection, the rejection is much poorer — for a 24 Yakns
with 432 MHz IF and high-side LO, there might be almost no image rejection.

The filters are difficult to build even with CNC machinery, requiring 16 tapped Ipdls
precision coupling holes. | see that DB6{\fiow offers these filters for 24 and 47 GHz for a
price at which | would not even consider making them. For 78 GHz, D)2 Aféers these
filters at a higher price, but | can assure you that is also a bargain.

One lovely advantage of CNC machining is that all the screw holes line upyexatttino filing
required. | have never had that happen before.
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