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The Digitisation
of Direct RF

Mike Roberts

Slipstream Engineering, Shipley, U.K.

odern communica-

tion, sensing, radar

and electronic warfare

(EW) systems increas-
ingly require the ability to process
wide instantaneous bandwidths
(IBW) and support highly agile,
multi-band operation. These de-
mands are driving rapid advance-
ment in high speed data converter
technology, with analogue-to-
digital converters (ADCs) and dig-
ital-to-analogue converters (DACs)
pushing to higher sampling rates
and wider input bandwidths. At the
same time, semiconductor manu-

A=A

facturers are extending the RF in-
put bandwidths of these convert-
ers into the microwave range and
beyond, allowing radio signals to
be digitised at or near their carrier
frequencies. Systems that exploit
these capabilities are referred to as
Direct RF architectures.

In a traditional heterodyne radio
receiver, the RF signal is translated
to a lower intermediate frequency
(IF) using mixers and local oscilla-
tors, then it is filtered and digitised.
In contrast, a Direct RF approach
digitises the incoming RF signal di-
rectly, potentially eliminating most

of the analogue

signal processing
Traditional chain The ana-
FPGA Single-IF ’
logue  frequency
translation that
typically occurs in
(@) mixers is replaced
_D 'I> Y by digital down-
. BAC birectRF | CcOnversion (DDC)
within the ADC or
— > < Y digital up-convert-
~J .
) ADC er (DUC) contained
within the DAC.
(a) Single-IF vs. (b) Direct RF system. The key moti-
External
DDC Mixer
N - /—\
¥ | _ Traditional
'\Q“Z'\f,ynqe“'s‘ ] /_\ Single-IF
\‘. T Frequency
0 ADC Fs/2 ADC Fs Wanted LO Image
Baseband Signal
DDC
4/’—\
I """""""" \ Direct RF
\ 1st Nyquist
A 1 \ Zone
Y T Frequency
0 Wanted ADC ADC Fs
Baseband Signal  Fs/2

Receiver example of a single-IF vs. a Direct RF system mixing process.

18

vation behind Direct RF is system
simplification and software-driven
adaptability. With fewer analogue
stages, the radio becomes more
compact, easier to calibrate and
more repeatable from unit to unit.
Digital processing provides recon-
figurability with centre frequency,
bandwidth, filtering and channeli-
sation being determined through
software/firmware rather than fixed
analogue hardware.

Direct RF does not, however,
eliminate all RF hardware consider-
ations. Challenges arise from multi-
ple sources, such as sampling-based
spurious artefacts, clock distribu-
tion, dynamic range limitations of
ADCs and transmit power amplifier
(PA) efficiency. Practical RF filtering
and front-end matching networks
remain essential. Therefore, while
Direct RF reduces analogue com-
plexity and alleviates some classical
RF engineering problems, it creates
new system behaviour that requires
careful analysis and design.

The following sections provide a
detailed overview of Direct RF sys-
tem operation, current converter
technology, advantages and trade-
offs and future expected develop-
ments in RF front-end architectures.

Conventional Versus Direct RF
Architectures

Figure 1 illustrates a simplified
comparison of a single-IF hetero-
dyne system and a Direct RF sys-
tem. Figure 2 provides an associat-
ed receiver frequency plan for these
two cases. In a traditional hetero-
dyne system, the input signal at RF

MWJOURNAL.COM m JANUARY 2026
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5 GSPS ADC with a 100 MHz
wide wanted signal.

is mixed to an IF frequency located
well within the analogue bandwidth
of the ADC. The ADC sampling
rate is typically selected to be at
least 2.5x the signal bandwidth to
support digital processing without
aliasing. The mixer and LO define
where the signal resides in the spec-
trum prior to digitisation.

In a Direct RF system, the ana-
logue mixing stage is removed en-
tirely. The RF signal is sampled di-
rectly, and digital frequency transla-
tion (DDC in the case of a receiver)
moves the signal to baseband. The
sampling rate must therefore be
greater than 2.5x the carrier frequen-
cy of the RF signal, rather than only
exceeding the signal bandwidth. For
example, to digitise a 200 MHz wide
signal at 3 GHz, a sampling rate of
at least around 7.5 GSPS is required,
with higher values preferred to avoid
in-band spurious folding.

Analog Devices provides a fre-
quency folding tool, which is use-
ful for visualising spurious sampling
products.! The main spurious prod-
ucts of concern are HD2 and HD3.
These products are generated by
the second and third harmonic of the
input signal mixing with the sample
clock in the converter. Figure 3 shows
an example of a 5 GSPS sample rate
ADC with 100 MHz IBW signal for 200
MHz, 1000 MHz and 1662.5 MHz in-
put frequencies, with plots produced
from an AD frequency folding tool.!
In the 200 MHz input signal case,
the harmonics of the input signal can
be seen to lie within the first Nyquist

zone. As the input frequency is in-
creased to 1 GHz, the third harmonic
product is folded around Fs/2 into
the first Nyquist zone (labelled HD3).
As the input frequency is increased
further, the second harmonic folds
around Fs/2 and appears in-band as
HD2. The pink areas show the input
frequencies at which in-band spuri-
ous products will appear. In this case,
where the input signal IBW is signifi-
cantly less than the sample rate, there
are many input frequencies available
with no in-band sampling product-
based spurious (up to third order).
The matter of sample rate choice and
associated maximum IBW will be dis-
cussed later in this article.

Notably, the ratio of signal band-
width to sampling frequency deter-
mines spur-free frequency regions.
If the signal bandwidth is narrow
relative to the sampling frequency,
there are many spur-free centre fre-
quency options. If the signal band-
width increases, spur-free regions
diminish rapidly, as discussed later
in this article.

Current State of High Speed Data
Converters

Direct RF operation has become
feasible due to advances in high
speed mixed-signal ICs, multi-core
sampling architectures and integrat-
ed DSP blocks. Some representa-
tive high performance platforms are
highlighted in Table 1.

There are multiple suppliers who
use these devices in higher-level
modules and systems, such as Mer-
cury Systems, Avnet, Annapolis,

TABLE 1
SUMMARY OF A SELECTION OF DIRECT RF DATA CONVERTER DEVICES IN THE PUBLIC DOMAIN
ADC DAC Resolution Analogue‘ Input Number of
Manufacturer Product Line Sample Sample Bandwidth Channels lnt;gz;i\:ed
Rates Rates ADC/DAC ADC/DAC ADC/DAC
Analog Devices MxFE AD9082 6 GSPS 12 GSPS 12 bit / 16 bit 8 GHz / 8 GHz 2/4 NO
AMD (Xilinx) RFSoC Gen 3 5 GSPS 9.85 GSPS 14 bit / 14 bit 6 GHz / 6 GHz 8/8 YES
n Apollo MxFE . .
Analog Devices AD9084/AD9088 20 GSPS 28 GSPS 12 bit / 16 bit 18 GHz / 18 GHz 4/4 NO
AMD (Xilinx) Versal RF (VR1652 | 35 Geps | 16GSPS | 14bit/ 14bit | 18 GHz/ 18 GHz 4/8 YES
example shown)
Altera (intel) | DirectRE(Stratix 101 oy Geps | 44 GSPS | 10bit/10bit | 36 GHz/36 GHz 8/8 YES
example shown)
AFE7900 Series
Texas Instruments 3 GSPS 12 GSPS - 12 GHz / 12 GHz 6/4 NO
(AFE7958 shown)
Texas Instruments (AAEESJSS szg'\zz) 6 GSPS 12 GSPS - 72GHz/72GHz | 16/16 NO
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Slipstream, Enclustra and Trenz.

Example Deployment: Slipstream
Design’s ASTRO RFSoC SOM

Slipstream Design's ASTRO RF
system-on-module (SOM) utilises
the AMD Gen3 RFSoC, which inte-
grates the Direct RF converters with
a powerful on-board Zynq FPGA
and quad ARM processors. The
SOM integrates 8 x 5 GSPS 14 bit
ADCs and 8 x 10 GSPS 14 bit DACs
onto a compact 94 x 69 mm mod-
ule. Figure 4 shows the module
that features on-board sample clock
support. This type of module dem-
onstrates how Direct RF capability
can now be delivered in compact
embedded form factors, suitable
for airborne, unmanned and distrib-
uted RF sensing applications.

Reconfigurability Through Software
Digital LO (numerically controlled
oscillator (NCQO)) tuning and base-
band filter reconfiguration allow
agile multi-band operation without
changing analogue hardware. This
is particularly beneficial in adaptive
radar, EW, multi-mission radios and
dynamic spectrum systems.

Reduction in Analogue Hardware
Eliminating mixers, LO distribu-
tion networks and IF filters reduces
size and weight, minimises tempera-
ture and aging-related variation and
improves unit-to-unit reproducibility.

Simplified Calibration

Digital calibration loops and nu-
merically defined signal chains offer
deterministic phase and gain char-
acteristics. Unlike analogue net-
works, there is no tuning required
during manufacture or deployment.

Ease of Channelisation

Wideband receive data can be
digitally channelised into multiple
sub-bands efficiently, using poly-
phase filter banks or FFT-based
channelisers.

Although Direct RF has many ben-
efits, there still exist challenges that
require a combination of software,
firmware and RF hardware capabili-
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ties and skill sets to overcome. For
example, some challenges include:

Spur-Free Operating Window Versus
Bandwidth

Continuing the receiver ex-
ample from earlier, as illustrated in
Figure 5, increasing the input IBW
from 100 to 400 MHz dramatically
reduces the number of spur-free
centre frequency regions when us-
ing a 5 GSPS ADC. The designer
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input frequency windows, depend-
ing on which Nyquist zone they
choose. This means that the system
designer who wanted a flexible in-
put frequency range would need
to consider either an external mixer
or increasing the sample rate of the
data converters to widen the spur-
free zone and restore flexibility of
centre frequency, as demonstrated
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in Figure 6. However, increasing the

sample rate comes with trade-offs:

¢ Higher sampling rates increase
converter and FPGA power con-
sumption.

e Multi-core interleaving introduc-
es additional calibration require-
ments to suppress interleaving
spurs.

e Higher clock rates increase clock
jitter demands.

Increasing sample rates remains
one of the central engineering
trade-offs in Direct RF systems.

Out-of-Band Interference and ADC
Saturation

A key dynamic range metric is
the difference between 1IP3 and
noise figure.2 For a high performing
ADC such as the AD9082, a greater
than 10 dB difference between 1IP3
(35.8 dBm) and noise figure (25 dB)
is achieved. It is possible to achieve
slightly better results with a high per-
forming heterodyne solution using,
for example, a mixer like the Marki
Microwave MT3-0113HCQG-2.
With high performing solutions, it is
possible to achieve a 19 dB differ-
ence between IIP3 and noise figure

FIeQUENCY Freauncy Puameren il Ve Pacamete ya———p—
Planning S T o ® Mo o e
Utility ) R T

A 400 MHz IBW signal with a 5
GSPS sample rate.

Frequency seamecy swameens acnic Aregbtude
Planning  Srevwieemt iy o e @A e
vttty - 0w @ e

A 400 MHz IBW signal with a
20 GSPS sample rate.
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(b)

Synchronisation of an ASTRO RFSoC with (a) DAC outputs before synchronisation, (b) MTS and (c) with equalisation filters.

(29 dBm 1IP3 and 10 dB NF). That
said, the performance differential of
pure dynamic range is not hugely
significant.

For receivers, the significant
metric is the maximum input sig-
nal. Typically, most Direct RF ADCs
will have a full-scale input power
of around +5 dBm. Without appro-
priate filtering, high-power out-of-
band interferers can result in this
level being exceeded anywhere in
the band of operation, resulting in
saturation of the ADC and tempo-
rary failure of the entire receiver
band. Providing narrowband and
low loss, tunable filtering that can
track the RF input signal in Direct

RF applications is challenging, par-
ticularly in a small form factor, and
is the subject of much current re-
search.

This is where heterodyne solu-
tions have an advantage, as they
can leverage the fixed-frequency
IF filter to reject out-of-band sig-
nals. Because the IF filter is fixed
in frequency, it can be highly opti-
mised for the bandwidth of opera-
tion. Although the mixer will gen-
erate spurs as a result of high level
out-of-band interferers, it will not
cease to function, as is the case
with ADC saturation. It is also typi-
cal to see systems with switchable
IF filters in heterodyne solutions

Fast, Accurate, Traceable

Demo Power Sensor
Try the worlds smallest
traceable power sensor
on us. Scan the QR code
for details on our free 30
day trial program.

Use code MW121

Power Sensors from LadyBug Tech

> Lady ' Bug
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to accommodate different signal
bandwidths.

Transmit PA Efficiency

An often overlooked challenge
in the context of Direct RF (trans-
mit side) is the ability to generate
the high RF signal levels suitable
for transmission in practical systems
in a power-efficient manner over a
wide RF bandwidth. Although Di-
rect RF DACs can flexibly generate
a wide range of output frequencies,
typically, PAs have poor power-add-
ed efficiency (PAE) when operating
in backed-off modes and over wide
frequency ranges. The Analog De-
vices ADPA1113 2 to 6 GHz 40 W
GaN PA, for example, has a peak
PAE of around 30 percent over this
bandwidth. A narrowband (< 200
MHz) PA in this frequency range
would be expected to have a peak
efficiency of greater than 65 per-
cent. This demonstrates the need
for reconfigurable and digitally
adaptable PA technology. Adap-
tive PA architectures, including
load-modulated balanced amplifi-
ers (LMBA) and wideband Doherty
structures, are likely to become criti-
cal in future Direct RF systems.

Channel Synchronisation Across
Many Converters

Another key challenge with high
sample rate Direct RF data convert-
ers is the requirement for multiple
sample clocks to be synchronised.
This challenge exists where more
than one ADC or DAC is required
to operate in a coherent manner.
An example of this is a phased array
application where many elements
must operate coherently with each
other to form a beam. In a tradi-
tional heterodyne system, this is less
problematic because the local oscil-
lator can be distributed to every ele-
ment, and notwithstanding practical
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routing problems, this automatically
provides coherence across all ele-
ments. Since the heterodyne ap-
proach uses much lower sample
rate ADCs, synchronisation of these
clocks is far less of a challenge.
With the high sample rates of
Direct RF converters and the associ-
ated digital circuitry (such as FIFOs)
that sit between the point of sam-
pling and the resulting data stream,
synchronisation across multiple Di-

rect RF converters is a key techni-
cal challenge. Typically, achieving
synchronisation across multiple con-
verters requires a combination of us-
ing vendor-supplied synchronisation
schemes, custom clock distribution
hardware and custom-implemented
digital equalisation filtering. This re-
quires a range of different engineer-
ing disciplines, from RF to software
and firmware, to implement. Figure
7 shows measured data of four dif-

Temperature
Stable
V-Band
Diplexers and
Bandston Filters

ferent Slipstream Design ASTRO
DAC channels. Figure 7a shows the
DAC outputs prior to synchronisa-
tion, Figure 7b shows the data with
the AMD Multi-Tile Synchronisation
(MTS) applied and Figure 7c shows
the result with custom digitally ap-
plied equalisation filters to remove
the effects of RF tracking and cables
following a calibration process. Fig-
ure 7 shows measured improve-
ments demonstrating progressive
synchronisation refinement.

The trend of Direct RF convert-
ers is likely to continue with IBW
and RF input frequency continuing
to increase. Although such devices
promise extreme flexibility and soft-
ware reconfigurability, they will not
eliminate the need for RF compo-
nents between the antenna and the
data converters.

At the most basic level, typical
interfaces to data converters are
differential, requiring a balun. The
wideband nature of Direct RF con-
verters is driving a move towards
single-ended interfaces using wide-
band on-chip differential amplifiers.

It is expected that in many appli-
cations, including wideband systems
operating in relatively harsh electro-
magnetic environments, systems
will continue to use a single stage
of external frequency conversion
(mixer + LO) to bring the required
IBW down to a fixed location in the
data converters’ Nyquist zone. This
approach is likely to provide the
most robust solution for rejecting
out-of-band interferers and man-
aging spurs. Until low loss narrow-
band tunable filters become a real-
ity, this will likely remain a relatively
common architecture, with the high
sample rate of the data converters
enabling the high signal IBW. Exter-

nal frequency converters also serve
to extend the frequency range of
the data converters, making them
difficult to obsolete. It is expected
that, where an external mixer can-
not be used, switched filter banks
will remain critically important to
manage harmonics and spurs. The
design of such functionality requires

Exceed Microwave produces
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will be essential RF hardware in future Direct RF sys-
tems, allowing the flexibility of these systems to be re-
flected in practical implementations.

The digital techniques and RF hardware associated
with high sample rate multiple converter synchronisa-
tion and clocking will be a key technology and engi-
neering discipline for the successful uptake of Direct
RF, particularly in systems that require many coherent
elements.

Reflecting on the continued need for application-
specific RF circuitry that sits between the converters and
the antenna, Slipstream Design has adopted a modular
approach, pairing high speed converter modules with
RF personality modules. These personality modules al-
low the same converter core to be adapted to different
missions or frequency requirements without redesign
of the underlying digital platform. Figure 8 shows AS-
TRO Nova (PCle), which features the 8-channel ASTRO
RFSoC SOM (8 DAC/8 ADC) module fitted to a PCle
carrier with an RF personality card that sits between the
converters and the RF ports.

Direct RF technology has evolved from a research
concept into deployment-ready system architectures,
driven by innovations in high speed converters and in-
tegrated digital processing. The advantages, including
reduced analogue complexity, software-driven recon-
figurability, compact implementation and manufactur-
ing repeatability, are substantial and increasingly attrac-
tive across radar, EW, satcom and multi-band commu-
nications.

However, system designers must be aware of the
non-ideal factors, including the relationship between
IBW and sampling rate, spur management, limitations
in ADC full-scale handling of out-of-band interferers, PA
efficiency constraints and synchronisation across multi-
channel systems. These challenges do not limit the ap-
plicability of Direct RF, but they do shape the necessary
RF front-end architectures that accompany it.

Future Direct RF systems are likely to pair high speed
converters with adaptive filtering, reconfigurable up-/
down-conversion modules and digitally configurable
PA architectures. The result will be radio systems that
combine the flexibility of software-defined waveforms
with the practical RF performance needed in real opera-
tional environments.

In summary, modern radio systems demand a com-
bination of RF, digital design, firmware, system architec-
ture, thermal and packaging expertise. While more of
the signal chain has shifted into the digital domain, the
RF challenges have not disappeared; they have simply
changed in nature! B
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OCTAVE BAND LOW NOISE AMPLIFIERS

Model No. reg @Hz)  Gain dB) MIN  Noise Figure @)  Power-out@pide  3rd Order ICP  VSWR
CA01-2110 28 MAX, 0.7 TYP +10 MIN +20 dBm  2.0:]
CA12-2110 1.0- 2.0 30 1.0 MAX, 0.7 TYP +10 MIN +20 dBBm  2.0:]
(A24-2111 2.04.0 29 1.1 MAX, 0.95 TYP +10 MIN +20 dBm  2.0:1
(A48-2111 4.0-8.0 29 1.3 MAX, 1.0 TYP +10 MIN +20dBm  2.0:1
(A812-3111 8.0-12.0 27 1.6 MAX, 1.4 TYP +10 MIN +20 BBm  2.0:]
(A1218-4111 12.0-18.0 25 1.9 MAX, 1.7 TYP +10 MIN +20 dBm  2.0:1
(A1826-2110 18.0-26.5 32 3.0 MAX, 2.5 TYP +10 MIN +20 dBBm  2.0:1
NARROW BAND LOW NOISE AND MEDIUM POWER AMPI.IFIERS

CAOT-2111 04-0.5 28 0.6 MAX, 0.4 TYI +10 MIN +20dBm  2.0:1
CA01-2113 0.8-1.0 28 0.6 MAX, 0.4 TYP +10 MIN +20dBm  2.0:]
(A12-3117 1.2-1.6 25 0.6 MAX, 0.4 TYP +10 MIN +20dBm  2.0:1
CA23-3111 22-24 30 0.6 MAX, 0.45 TYP +10 MIN +20dBm  2.0:1
(A23-3116 2.7-2.9 29 0.7 MAX, 0.5 TYP +10 MIN +20dBm  2.0:]
(A34-2110 3.7-42 28 1.0 MAX, 0.5 TYP +10 MIN +20dBm  2.0:1
(A56-3110 54-59 40 1.0 MAX, 0.5 TYP +10 MIN +20dBm  2.0:1
CA78-4110 7.25-7.75 32 1.2 MAX, 1.0 TYP +10 MIN +20dBm  2.0:]
CA910-3110 9.0-10.6 25 1.4 MAX, 1.2 TYP +10 MIN +20dBm  2.0:1
(A13153110 13.75-15.4 25 1.6 MAX, 1.4 TYP +10 MIN +20dBm  2.0:1
CA12-3114 1.35-1.85 30 4.0 MAX, 3.0 TYP +33 MIN +41 dBm  2.0:]
(A34-6116 3.1-35 40 4.5 MAX, 3.5 TYP +35 MIN +43dBm  2.0:1
(A56-5114 5.9-6.4 30 5.0 MAX, 4.0 TYP +30 MIN +40dBm  2.0:1
CA812-6115 8.0-12.0 30 4.5 MAX, 3.5 TYP +30 MIN +40 dBBm  2.0:]
CA812-6116 8.0-12.0 30 5.0 MAX, 4.0 TYP +33 MIN +41 dBm  2.0:]
CA1213-7110  12.2-13.25 28 6.0 MAX, 5.5 TYP +33 MIN +42 dBm  2.0:1
(CA1415-7110 14.0-15.0 30 5.0 MAX, 4.0 TYP +30 MIN +40dBm  2.0:1
(A1722-4110  17.0-22.0 25 3.5 MAX, 2.8 TYP +21 MIN +31dBm  2.0:1
ULTRA-BROADBAND & MULTI-OCTAVE BAND AMPLIFIERS

Model No. Freq (6Hz)  Gain @8) MIN  Noise Figure @8)  Power-out@pid8  3rd OrderICP  VSWR
CA0102-3111 0.1-2.0 28 1.6 Max, 1.2 TYP + +20dBm  2.0:1
CA0106-3111 0.1-6.0 28 1.9 Mux 1.5TYP +10 MIN +20dBm  2.0:]
CA0108-3110 0.1-8.0 26 2.2 Max, 1.8 TYP +10 MIN +20dBm  2.0:]
CA0108-4112 0.1-8.0 32 3.0 MAX, 1.8 TYP +22 MIN +32dBm  2.0:1
(CA02-3112 0.5-2.0 36 45 MAX, 2.5TYP +30 MIN +40dBm  2.0:1
(A26-3110 2.0-6.0 26 2.0 MAX, 1.5 TYP +10 MIN +20dBm  2.0:]
CA26-4114 2.0-6.0 22 5.0 MAX, 3.5TYP +30 MIN +40dBm  2.0:1
(A618-4112 6.0-18.0 25 5.0 MAX, 3.5 TYP +23 MIN +33dBm  2.0:1
CA618-6114 6.0-18.0 35 5.0 MAX, 3.5 TYP +30 MIN +40 dBm  2.0:1
(A2184116 2.0-18.0 30 3.5 MAX, 2.8 TYP +10 MIN +20dBm  2.0:1
(A218-4110 2.0-18.0 30 5.0 MAX, 3.5 TYP +20 MIN +30dBm  2.0:1
(A218-4112 2.0-18.0 29 5.0 MAX, 3.5 TYP +24 MIN +34 dBm  2.0:1
LIMITING AMPLIFIERS

Model No. Freq GHz)  Input Dynamic Range  Output Power Range Psat  Power Flatness dB VSWR
CLA24-4001 2.0-4.0 -28 to +10 dBm +7 to +11 dBm 2.0:1
(LA26-8001 2.0-6.0 -50 to +20 dBm +14 10 +18 dBm +/ 15MAX  2.0:1
(LA712-5001  7.0-12.4  -211t0+10 dBm +14 10 +19 dBm +/- 1.5 MAX  2.0:]
(LA618-1201  6.0-18.0  -50 to +20 dBm +14 to +19 dBm +/-1.5MAX  2.0:1
AMPLIFIERS WITH INTEGRATED GAIN ATTENUATION

Model No. Freg (GH)  Gain (d8) MIN  Noise Figure (@8)  Power-out@P1d8 Gain Attenuation Range VSWR
CA001-2511A  0.025-0.150 21 5.0 MAX, 3. +1 30 dB MIN 2.0:1
CA05-3110A 0.5:5.5 23 25 MAX, T.5TYP  +18 MIN 20 dB MIN 2.0:1
CA56-3110A 5.85-6.425 28 25 MAX T5TYP  +16 MIN 22 dB MIN 1.8:1
CA612-4110A 6.0-12.0 24 2.5 MAX, 1.5TYP  +12 MIN 15 dB MIN 1.9:1
CA1315-4110A 13.75-15.4 25 2.2 MAX, 1.6 TYP  +16 MIN 20 dB MIN 1.8:1
CA1518-4110A  15.0-18.0 30 3.0 MAX, 2.0 TYP  +18 MIN 20dB MIN  1.85:1
LOW FREQUENCY AMPLIFIERS

Model No. Fre(i (6Hz)  Gain dB) MIN N0|se Flgure dB  Powerout@pi8  3rd Order ICP VSWR
CA001-2110  0.01-0.10 18 4.0 MAX, 2.2 TYP +10 MIN +20dBm 2.0
CA001-2211 0.04-0.15 24 3.5 MAX 2.2 TYP +13 MIN +23 dBm 2.0:1
CA001-2215  0.04-0.15 23 4.0 MAX, 2.2 TYP +23 MIN +33dBm  2.0:]
CA001-3113 0.01-1.0 28 4.0 MAX, 2.8 TYP +17 MIN +27 dBm  2.0:1
(A002-3114 0.01-2.0 27 4.0 MAX, 2.8 TYP +20 MIN +30dBm  2.0:1
CA003-3116 0.01-3.0 18 4.0 MAX, 2.8 TYP +25 MIN +35dBm  2.0:]
(A004-3112 0.01-4.0 32 4.0 MAX, 2.8 TYP +15 MIN +25dBm  2.0:1

CIAO Wireless can easily modify any of its standard models to meet your "exact” requirements at the Catalog Pricing.
Visit our web site at www.ciaowireless.com for our complete product offering.

Compemlve Pricing & Fast Delivery
e Military Reliability & Qualification
¢ Various Options: Temperature Compensation,
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Leonardo: Cingolani Presents
“Michelangelo - the Security Dome”

eonardo recently unveiled “Michelangelo

Dome"” at the Officine Farneto in Rome, in-

troducing a new, advanced integrated de-
fense system designed to counter emerging threats in
an increasingly complex global landscape.

The project, developed to protect critical infrastruc-
ture, sensitive urban areas, territories and assets of na-
tional and European interest, through a modular, open,
scalable and multi-domain solution, forms part of Leon-
ardo’s broader strategy to consolidate its position as a
leading player in the field of Global Security.

Michelangelo Dome is not a standalone system, but
a comprehensive architecture that brings together next-
generation land, naval, air and space sensors, cyber-de-
fense platforms, command-and-control systems, Al and
coordinated effectors. The platform creates a dynamic
security dome capable of detecting, tracking and neu-
tralizing threats even in the event of large-scale, coordi-
nated attacks, across all operational domains: aerial and
missile threats including hypersonic missiles and drone
swarms, surface and subsurface attacks at sea and hos-
tile ground forces.

Thanks to advanced data fusion from multiple sen-
sors and the use of predictive algorithms, Michelangelo
can anticipate hostile activity, optimize operational re-
sponses and automatically coordinate the most effec-
tive countermeasures.

With Michelangelo, Leonardo strengthens its role as
a European benchmark in multi-domain security and
contributes to the goals of strategic autonomy, techno-
logical resilience and greater integration of European
and NATO defense capabilities. The initiative aligns
with wider continental cooperation programs and aims
to further enhance Italy’s industrial excellence.

Next-Generation Jammer: Turning Point in
Airborne Supremacy

s the Next Generation Jammer (NGJ) moves
through low-rate production (LRP) and pre-
pares to transition to full-rate production
(FRP), the time has come to tell the story of a system
conceived to rewrite airborne electronic warfare.
Born to replace the aging AN/ALQ-99, NGJ is not
a single upgrade — it is a family of purpose-built pods
designed to dominate the electromagnetic spectrum.
Engineered for carriage on the EA-18G Growler and
adaptable to other host platforms, NGJ was created
to defeat modern, resilient threats: frequency-hopping
radars, networked datalinks and the distributed sensor
webs that define today’s contested environments.

For More
Information
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The NGJ family — mid-band (MB), low-band (LB)
and high-band (HB) — is designed to work as a layered
triad, providing end-to-end spectrum coverage. With
MB maturing first and now in production, and LB and
HB advancing through development and test, the pro-
gram is transitioning from demonstration to sustained
operational capability.

The path to NGJ's maturity was not straightforward.
Early development demanded breakthroughs in ac-
tive electronically scanned arrays, compact high-power
transmit/receive chains and advanced thermal control
so an aircraft could execute a true high-power elec-
tronic attack without compromising flight performance.
Engineers also built a modular processing backbone
so the system could learn and be reprogrammed in
months — not years — as threats evolved.

Programmatic  friction =~ accompanied technical
complexity. A for-
mal protest once
paused  develop-
ment, prompting a
deliberate re-exam-
ination of evaluation
methods, technical
risk assessments
and upgrade paths.
Those  corrective
steps sharpened re-
quirements, intensified testing regimens and hardened
the resulting architectures for sustained operational use.

What elevates NGJ above previous generations is
its software-first design. At its core, NGJ is a reconfigu-
rable, open-architecture system that treats the elec-
tromagnetic spectrum as a dynamic battlespace: new
waveforms, exploitation algorithms and cooperative
tactics can be inserted rapidly. Mission crews can tailor
effects in real time and share an electronic order of bat-
tle across platforms, turning jamming from blunt sup-
pression into a precise, mission-level instrument that
protects strike packages, suppresses integrated air de-
fenses and preserves freedom of action for allied forces.

Early results validate the concept. NGJ-MB is enter-
ing operational service aboard Growlers, and orders
from the U.S. Navy and allied air forces reflect grow-
ing operational demand. As NGJ advances from LRP to
FRP, deployments of incrementally upgraded pod sets
will expand, and the system’s software ecosystem will
continue to evolve.

EA-18G (Source: U.S. Navy)

Hydra MAX Sets the Standard for Next-Gen
Military Satcom

LL.SPACE announced the successful comple-
tion of testing under the U.S. Army’s Next
Generation Tactical Terminal (NGTT) program.

Visit mwjournal.com for more defense news.
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ALL.SPACE's Hydra
MAX terminal has
been validated as a
first-of-its-kind  solu-
tion capable of deliv-
' ering seamless and
simultaneous  con-
nectivity across LEO,
MEO and GEO sat-
ellite networks while
on-the-move (OTM).
The NGTT program was established to address a
long-standing challenge in beyond-line-of-sight com-
munications: maintaining uninterrupted, high-through-
put connectivity during maneuver operations. ALL.
SPACE was selected to deliver a production-ready,
multi-orbit terminal meeting Technology Readiness
Level 6 (TRL 6) — bridging the tactical edge to the
cloud and ensuring mission-critical applications remain
accessible, even in contested environments.

As part of the NGTT initiative, ALL.SPACE — with
support from Telesat Government Solutions and Viasat
— successfully demonstrated simultaneous multi-beam
OTM LEO/GEO and LEO/MEOQ operation of the Hydra
MAX terminal using off-road land mobility profiles at
Aberdeen Proving Ground.

Source: II.Space Networks Ltd.

The testing and demonstrations sustained high data
rates and high-resolution video while both stationary
and in motion. Despite challenging off-road conditions
and rapid azimuth and elevation changes, the terminal
maintained its LEO three beam lock — highlighting ex-
ceptional robustness, agility and performance.

ALL.SPACE's Hydra terminals use digital beamform-
ing with monopulse tracking to deliver up to 4x faster
responsiveness than traditional methods, ensuring pre-
cise, high speed connectivity across wide scan angles
even under intense motion, vibration and dynamic con-
ditions.

In a defining moment for ALL.SPACE, Hydra MAX
has now been formally recognized by the U.S. Army as
achieving TRL 6 — marking a significant transition from
a prototype to an operationally validated system. This
designation confirms the Hydra MAX has been proven
in a relevant military environment, demonstrating readi-
ness for near-production deployment and integration
into broader defense and Joint Force networks.

Purpose-built to align with the Department of De-
fense’s Joint All-Domain Command and Control
(JADC2) objectives, Hydra MAX supports MOSA, en-
abling rapid integration with future constellations, in-
cluding Telesat Lightspeed once Hydra MAX is certified
for the network.
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Filter Solutions For Mission
Critical Applications

High Performance, Rugged Packaging, Small Size and Weight

Great things can come in small packages. Reactel filters are ideally suited for
the demanding environments that unmanned vehicles encounter.

Many manufacturers rely on Reactel to provide units which are:

High performance - Lightweight - Low profile

Contact a Reactel engineer with your filter or
multiplexer requirements. We can create a unit
which will be the perfect fit for your applications.
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Filter Technologies

For Every Application

Passbands to 43.5 GHz
Stopbands to 57 GHz
Bandwidths as narrow as 1%
100+ dB rejection

Tiny size, as small as 0202
Industry’s widest selection
of mmWave LTCC filters
Proprietary designs with
stopband rejection up

to 100 dB

WR-12, WR-15 and
WR-28 interfaces
Passbands up to 87 GHz
High stopband rejection,
40 dB

Fractional bandwidths

from 0.5 to 40%

Excellent power handling,

up to 20W

High Q in miniature SMT package
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Connectorized designs with

4 to 40% fractional bandwidth
Power handling up to 10W
Flat group delay

N~

Ultra-wide passbands
up to 26 GHz

Wide stopbands

up to 40 GHz

High Q

LEARN MORE

Wide catalog selection
Several package options
including aqueous washable
Variety of filter topologies

P

Patented topology absorbs
and internally terminates
stopband signals

Perfect for pairing with
amplifiers, mixers, multipliers,
ADC/DACs & more

Passbands from DC to 40 GHz
High rejection with wide passband
Miniature SMT package

4 Mini-Circuits



Automotive Radar Industry: China’s
Acceleration and the Next Wave of Sensing

ole Group released its “Automotive Radar

2025" report alongside a new reverse en-

gineering and costing report, “Automotive
Radar Chipset Comparison 2025.” These two reports
provide a comprehensive view of the automotive radar
industry, from system-level dynamics and market shifts
to chip-level innovation and cost structures.

The report delivers a comprehensive analysis of the
radar ecosystem, from technologies and semiconduc-
tor platforms to market trends and regulatory drivers. It
explores how evolving architectures, integration strate-
gies and regional dynamics are shaping next-genera-
tion ADAS and autonomous driving systems. The report
also looks at the competitive landscape, key players, in-
novation pathways and future growth opportunities.

Without doubt, radar remains one of the fastest-
growing sensing technologies in vehicles. In 2024, 166
million radar modules were shipped, up eight percent
year-on-year. Despite slower growth than earlier years,
radar integration continues to deepen across ADAS
and autonomous driving
platforms.

However, ASPs re-
main under pressure,
constraining revenue
expansion despite vol-
ume gains. The industry
is now centered on the
77 to 81 GHz band, as
older 24 GHz systems

Radar remains one of
the fastest-growing

vehicle sensor
technologies.

are phased out.

According to Yole Group, 4D radar, capable of el-
evation estimation/measurement, represented about
40 percent of shipments in 2024 and is rapidly becom-
ing the baseline for all new designs. Regulatory initia-
tives, including Euro NCAP, EU and NHTSA programs,
are pushing OEMs toward broader radar coverage. By
2030, Yole Group's analysts expect five radars per ve-
hicle to become the global standard, driven by safety
requirements and OEM differentiation strategies.

Meanwhile, in-cabin radar is emerging to detect the
status of occupants and monitor vital signs, supported
by 60 GHz and UWB technologies, though mass adop-
tion awaits finalized safety standards.

In addition to its annual market analysis, Yole Group
has released “Automotive Radar Chipset Comparison
2025," a reverse engineering and costing study of two
advanced radar devices from leading semiconduc-
tor players: TI' AWR2544 and Infineon Technologies’
CTRX8191F. This comparison offers exclusive insight
into the architecture, manufacturing cost and design
strategy of two distinct approaches to automotive radar
integration.

For More
Information
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Cliff Drubin, Associate Technical Editor

How Small Cell Innovation Can Accelerate
5G NTN Development

mall Cell Forum (SCF) published a report
exploring how proven small cell design
principles and open interfaces can help the
ecosystem overcome some of the challenges facing
emerging 5G non-terrestrial networks (NTNs), particu-
larly regenerative LEO satellite systems. As these archi-
tectures move toward commercial relevance, the study
sets out where terrestrial small cell experience can re-
duce complexity, improve interoperability and support
efficient 5G NTN solutions.

The paper, “Small Cells and Non-Terrestrial Networks:
Common Challenges and Common Solutions,” explains
that although terrestrial and space-based networks oper-
ate in very different environments,
they share several engineering and
operational constraints, including
strict SWaP requirements. Compact
and efficient radio designs, modu-
: lar architectures and standardized
R AN interfaces are essential in both do-
NON-TERRESTRIAL mains. SCF's existing body of work
provides a set of components and

NETWORKS

COMMON CHALLINGES.
RO COMPMON SOLITIONS

s frameworks that can be reused or

adapted for 5G NTN satellite pay-
loads and hybrid terrestrial-satellite
deployments.

The report summarizes key 5G NTN use cases in-
cluding remote coverage extension, emergency com-
munications, transportation and industrial applications.
It outlines the main technical challenges for 5G NTN
platforms, such as delay, Doppler and beam mobil-
ity and highlights the mitigation approaches available
within current standards. It also reviews relevant 3GPP
developments, pointing to areas where SCF's open in-
terfaces, like FAPI and nFAPI, can support disaggregat-
ed multi-vendor interoperable 5G NTN solutions.

The paper identifies priority areas where SCF is now
advancing specifications and deployment frameworks,
including adding 5G NTN capabilities to upcoming FAPI
releases and evolving shared infrastructure models for
satellite integration. This work will give vendors and op-
erators a clearer path to building 5G NTN systems that
are interoperable and consistent with terrestrial networks.

Source: SCF

Ericsson Mobility Report: Differentiated
Connectivity Services Gaining Momentum

he Ericsson Mobility Report (EMR) — Novem-

ber 2025 reveals how the convergence of Al,

cloud computing and mobile technologies
are set to reshape data traffic patterns and connectivity
demands.

Visit mwjournal.com for more commercial market news.
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5G Standalone (SA) deployments have triggered a
notable 2025 growth in the number of communications
service providers (CSPs) offering differentiated connec-
tivity commercial models based on 5G SA Network Slic-
ing, where CSPs guarantee quality of service for cus-
tomer use cases through the allocation of slices of the
network. More than 90 CSPs have now launched/soft-
launched 5G Standalone (5G SA) networks.

EMR researchers identified 118 cases, across 56
CSPs, where network slicing is used to provide differen-
tiated connectivity services. Of the 118 cases, 65 have
moved beyond proof-of-concept and into commercial
services, across 33 CSPs. These are either subscription
services or add-on packages for consumer or enterprise
customers. 21 of the 65 commercial offerings were
launched during 2025 alone.

The November 2025 EMR covers a new forecast
timeframe, from 2025 through the end of 2031. The
new reporting EMR period also covers the first expect-
ed deployments of commercial 6G. Based on previous
mobile generation cycles’ subscriptions uptake, EMR
researchers expect the first commercial launches to be
driven by leading service providers in front-runner mar-
kets such as the U.S., Japan, South Korea, China, India
and some Gulf Cooperation Council countries.

Global 6G subscriptions are forecast to reach 180
million by the end of 2031, not including the early up-
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2247 5.4-5.9 30 KW Pulsed R40U

Air-Cooled Systems

2176 1.75-2.12 4 KW R20U
2229 2.9-35 2.5 KW Pulsed R5U
2240 5.2-5.9 900 W Pulsed R3U
2241 9-10 1 KW Pulsed
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take of Al-enabled loT devices. The subscription up-
take number could increase significantly if 6G launches
earlier than previous cycles indicate. Commercial 6G is
expected to launch in Europe roughly a year later than
in other regions, a delay greater than with 5G, primarily
due to the comparatively later rollout of 5G SA.

As an ongoing major 5G use case, eMBB is forecast
to top 6.4 billion 5G subscriptions by the end of 2031.
Some 4.1 billion of these subscriptions are forecast to
be 5G SA. In 2025 alone, 5G subscriptions are expect-
ed to top 2.9 billion by the end of the year, an increase
of some 600 million subscriptions year-on-year.

5G networks are expected to manage 43 percent
of all mobile data by the close of 2025 — up from 34
percent for the corresponding period last year. EMR ex-
perts forecast this to increase to 83 percent in 2031.

Fixed wireless access (FWA) broadband continues
to grow as a 5G use case. The November 2025 EMR
forecasts that about 1.4 billion people globally are ex-
pected to access FWA broadband by the end of 2031,
90 percent via 5G. EMR researchers have identified 159
providers that currently offer FWA services via 5G, ap-
proximately 65 percent of all FWA service providers.
The number of service providers offering speed-based
tariffs — a common monetization model for fixed broad-
band via fiber or cable — increased from 43 percent to
54 percent since the November 2024 EMR.
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Aroundthe Circuit
Barbara Walsh, Multimedia Staff Editor

MERGERS & ACQUISITIONS

Marki Microwave announced it has been acquired
by Industrial Growth Partners (IGP), a San Francis-
co-based private equity firm providing transformative
capital for the industrial market. The partnership will
enable Marki Microwave to accelerate investments in
innovation, capacity and global expansion, supporting
the company’s long-term growth plans and deepening
its commitment to customers worldwide. As part of the
transaction, the Marki Microwave management team
has invested alongside IGP, underscoring its confidence
in the company’s future and dedication to the business’s
strong growth trajectory.

Microwave Techniques, a manufacturer of high-power
microwave components and RF solutions, announced
the successful closing of its acquisition of Symphony
Microwave Technologies, a design and manufactur-
ing group specializing in high-power components
and systems for industrial, medical, military, scientific
and commercial applications. The acquisition creates
an advanced manufacturer of high-power microwave
technology and RF component solutions, with over 145
employees across facilities in Gorham, Maine; Nashua,
N.H. and Hamburg, Germany. Terms of the transaction
were not disclosed. The combined entity will sustain
uninterrupted manufacturing for its complete range of
existing products, including circulators, isolators, win-
dows, loads, couplers, generators, systems and more.

COLLABORATIONS

Rohde & Schwarz has further deepened its collabora-
tion with Broadcom Inc. to enable testing and valida-
tion of Wi-Fi 8 chipsets using the CMP180 radio com-
munication tester. This alliance accelerates the path to
market for OEMs and ODMs integrating Broadcom'’s
upcoming Wi-Fi 8 chipsets in their products, ensuring
conformity, performance and reliability. Wi-Fi 8, based
on the IEEE 802.11bn specification, promises a signifi-
cant leap forward in wireless connectivity. It is anticipat-
ed to bring higher throughput, lower latency, improved
efficiency in congested spectrum environments and
enhanced performance for extended reality, Al-assisted
applications, real-time cloud gaming and ultra-high-
definition content streaming.

ACHIEVEMENTS

Quantic PMI has earned the ISO 9001:2015 and
AS9100D certifications for its quality management sys-
tem for its Frederick, Md., and El Dorado Hills, Calif.,
facilities. This certification reinforces Quantic PMI's abil-
ity to meet stringent customer requirements and de-
liver consistent, RF and microwave components and
integrated modules and subsystems. AS9100D was de-

For More
Information
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veloped by the International Aerospace Quality Group
and is the recognized standard for quality management
in the aviation, space and defense industries. Fewer
than 20,000 companies worldwide hold this certifica-
tion. It builds on ISO 9001 by adding requirements for
product safety, risk management, counterfeit parts pre-
vention and traceability, making it one of the most rig-
orous quality standards in manufacturing today.

CONTRACTS

Sivers Semiconductors AB announced a mass-produc-
tion purchase order agreement valued at approximately
$3 million with Tachyon Networks Inc. for 28 GHz an-
tenna modules. Sivers’ antenna modules are central to
Tachyon’s innovative approach, enabling an affordable,
disruptive solution that leverages Tachyon’s extensive
mmWave experience to extend high speed connectiv-
ity. The modules incorporate Sivers’ TRB02801 beam-
forming transceiver, enabling mmWave fixed wireless
access applications. Sivers” TRB02801 delivers a high
performance 28 GHz RFIC for mmWave applications,
supporting the full 24.25 to 29.5 GHz range with data
rates up to 5 Gbit/s.

United Monolithic Semiconductors (UMS) announced
that it has secured a four-year contract from the Banque
Publique d’Investissement (BPI) aimed at accelerat-
ing the development of cutting-edge solutions for ad-
vanced 5G communication systems. This initiative will
also engage in pathfinding activities in collaboration
with prominent academic institutions and industrial lab-
oratories. As the overall coordinator of the CAPTIVANT2
program, partially financed by BPI, UMS is dedicated to
enhancing European technological sovereignty by tack-
ling critical components within the RF link. This innova-
tive program focuses on creating product solutions for
both terrestrial 5G applications and space-based prod-
ucts, leveraging UMS’ industry-leading technology plat-
forms in GaN and GaAs.

PEOPLE

Kymeta announced the appointment
of Manny Mora as president and
CEO. This leadership transition marks
a strategic acceleration of Kymeta's
mission to deliver reliable, resilient
connectivity for warfighters and mis-
sion-critical operators across the U.S.
Department of Defense (DOD) and
allied governments. Mora joins Kyme-
ta following a 40-year career at General Dynamics Mis-
sion Systems, where he led space and intelligence sys-
tems and supported operational needs across the
DOD, Intelligence Community, DHS and international
partners.

A Manny Mora

For up-to-date news briefs, visit mwjournal.com
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Aroundthe Circuit

International Manufacturing Servic-
es, Inc. (IMS) has named Tanios Elie
BouRamia as vice president of Sales
& Marketing. BouRamia has over 15
years of experience driving global
sales, marketing and product strategy
across the electronics, automotive,
medical device and industrial sectors.
At IMS, he will lead initiatives to

A Tanios Elie

BouRamia strengthen global channel partner-

ships, enhance customer engage-

ment and expand market presence in high-reliability

industries such as aerospace, defense and medical
equipment.

The Marconi Society has awarded
the 2025 Marconi Prize, often called
the “Nobel Prize for Communica-
tions” because it honors significant
achievements in information com-
munications technology, to Profes-
sor Nick McKeown for his funda-
mental  contributions to  high

A Nick McKeown performance switches and routers
and to software-defined networking and for transfer-

ring these contributions into widespread practice.
McKeown, a British computer scientist raised in Bed-
ford and Chelmsford, stands among influential tech-
nologists shaping the modern internet. His work
spanning academia, industry and open-source eco-
systems has redefined how networks are designed,
operated and scaled globally.

Mini-Circuits announced the appoint-
ment of Joseph Merenda as the com-
pany’s first Research & Development
(R&D) Fellow, marking a milestone in the
organization’s long-term commitment
to engineering excellence and technical
innovation. The R&D Fellow role will be
a cornerstone of Mini-Circuits’ strategy
to develop next-generation
technologies, foster collaboration
across engineering disciplines and deepen the com-
pany’s technical leadership in the RF and microwave
industry. A 40-year industry veteran, Merenda is
widely recognized for his contributions to RF and mi-
crowave system design, product innovation and tech-
nical leadership. He has served in senior engineering
roles across multiple organizations, authored numer-
ous technical papers, webinars and filed several pat-
ents.

A Joseph Merenda
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Six Forces Redefining
Connectivity in 2026

INVITED

PAPER

Stephen Douglas

Spirent Communications, Crawley, U.K.

rogress in telecom rarely
moves in straight lines. It
speeds forward, collides,
pauses and then acceler-
ates again, usually in places no one
expects. In 2026, we are entering
one of those acceleration points.
Networks are becoming smarter,
not just faster. The boundaries
between terrestrial, satellite and
cloud are fading. The way we de-
sign, test and secure these systems
is being rewritten in real time.
Here are six shifts that will shape
the upcoming years for engineers,
network designers and technology
leaders.

5G-ADVANCED BRINGS
@) INTELLIGENCE TO THE
NETWORK CORE

This year marks the true start of
5G-Advanced deployments. The
new 3GPP Release 18 standard
introduces capabilities that make
networks context-aware and self-
optimizing. We are moving beyond
throughput toward intelligence.

Key updates include centime-
ter-level positioning accuracy via
carrier-phase techniques, enhanced
power-saving modes for both the ra-
dio and the device and support for
extended-reality applications that
require precise timing and synchro-
nization. Release 18 also enables
Al-assisted network management
through standardized APIls, allow-
ing the network to sense conditions
and dynamically adapt traffic.

These enhancements are only
possible through improvements at
the RF layer. Advanced channel-
state information, tighter phase
coherence and distributed MIMO
rely on highly accurate timing. En-
gineers now have to validate phase
alignment within single-digit nano-
44

seconds across massive antenna
arrays. That introduces new de-
mands for conformance and over-
the-air testing.

The test challenge shifts from
verifying maximum throughput to
measuring how quickly a network
detects a change and adjusts its
configuration. In other words, it is
not just about how fast the data
moves, but how well the network
can think on its feet.

Al SHIFTS FROM CLOUD
TO EDGE

The next frontier for Al is no
longer the data center. It is at the
edge of the network, closer to
where data is created and deci-
sions must be made. As Al models
grow larger and latency expecta-
tions shrink, centralizing everything
in a hyperscale cluster no longer
makes sense.

Processing large volumes of
sensor and user data locally reduc-
es latency, conserves bandwidth
and strengthens data sovereignty,
especially in industries such as
healthcare, defense and finance.
Local inference engines and on-
premises GPU clusters are emerg-
ing as practical solutions to the
physical limits of cloud computing.

For engineers, this shift introduces
new design challenges. Distributed
inference  requires  deterministic
performance, precise timing and
interference-free communication be-
tween many small edge nodes. Main-
taining synchronization within tens of
microseconds and ensuring clean
RF conditions at every site are
becoming just as impor-
tant as the quality of
the Al models
themselves.

SATELLITES AND
© TERRESTRIAL NETWORKS
CONVERGE

Satellite connectivity used to
be the option of last resort. In
2026, it will become an enabler in
mainstream communications. Also
launched in 2026 is a new version
of the 3GPP non-terrestrial net-
works (NTNs) standards that will
enable direct text and limited voice
communication from low Earth or-
bit (LEO) satellites when a terres-
trial connection is out of reach.

This is a highly complex techni-
cal mission. In fact, the satellites
move at nearly 7.5 kilometers per
second, leading to a substantial
Doppler effect and a 20 to 40 mil-
lisecond delay in propagation. To
overcome this challenge, the LTE
and 5G waveforms are being mod-
ified through advanced Doppler
pre-compensation techniques.

Intersatellite handovers need to
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take place within minutes due to or-
bit changes. This is a challenge that
demands user equipment, base-
band scheduling algorithms and
predictively based beamforming
techniques that use algorithms to
predict satellite orbits. Another area
undergoing improvements is an-
tenna technology. Phased arrays are
being adjusted to work across layers
such as the L-, S- and Ka-Band.
Verification and validation of
such networks remain a challenge.
Traditional static channel emulators
cannot simulate the fast-changing
geometry of a LEO path. Currently,
scientists are working to integrate
orbit mechanics and fading simula-
tions to model such a rapidly vary-
ing multipath channel. This will yield
a new concept of coverage. Cover-
age will no longer be defined solely
by tower radius, as it is at present.

ETHERNET RECLAIMS THE
DATA CENTER

Al has redefined data center
architecture. The large compute
needs of model training and infer-
ence have made network infrastruc-
ture as important as processing in-
frastructure. InfiniBand held sway
in high performance computing for
years. However, Ethernet is back in
the fray, thanks to breakthroughs
such as remote direct memory
access over converged Ethernet
(RoCE v2) and new standards from
the Ultra Ethernet Consortium.

Recent Ethernet fabrics have
been approaching lossless perfor-
mance with the addition of features
such as explicit congestion notifi-
cation (ECN), priority flow control
(PFC) and novel congestion control
algorithms designed to handle Al
workloads. This enables large GPU
clusters to communicate data with
low latency while ensuring deter-
ministic performance.

Hardware is also advancing. Ef-
forts to migrate from 400-gigabit to
800-gigabit interfaces have been in
full swing, with 1.6 terabit systems
already in the planning stages of
their 1.6 terabit designs employing
pulse amplitude modulation 4.

Power density and cooling is-
sues are emerging as bottlenecks.
In fact, power densities of over 20
watts per 800-gigabit optical mod-
ule are now forcing a rethink of
cooling system designs.

Now, testing such fabrics is a
mission-critical activity. A 1 percent
packet loss margin could result in
an overall Al cluster efficacy loss
of over 30 percent. In essence, it
is imperative to replicate traffic at
a petabit scale while measuring la-
tencies at a microsecond granular-
ity and modeling an Al workload.

The data center network is becom-
ing the computer,” and Ethernet’s re-
bound is merely a validation of open
standards’ ability to meet the scalabil-
ity requirements of the industry when
it is stretched to its limits.

GNSS INTERFERENCE
BECOMES A CIVIL
CONCERN

For several decades, Global
Navigation Satellite System (GNSS)
was considered a resilient and
credible system. Now this is no
longer the case. Affordable GNSS
jammers and spoofers have been
widely distributed around the
globe, increasing GNSS interfer-
ence issues in civil aviation, logis-
tics and critical infrastructure. A
single GNSS spoofing or jamming
device can disrupt airport opera-
tions when located in close proxim-
ity to an airport runway.

Spoofing attacks have ranged
from basic meaconing, which in-
volves retransmitting legitimate
signals after a pause, to complex
pseudorange spoofing that tricks
receivers into reporting incorrect
positions. This has led to a resur-
gence of interest in resilient po-
sitioning, navigation and timing
(PNT) techniques.

Future receivers will support
multiple constellations, includ-
ing GPS, Galileo, GLONASS and
Beidou, with signals received on
multiple frequencies, including L1,
L2 and L5, to verify data through
cross-consistency checks. Some of
them will use encrypted military
signals or authentication methods,
such as Galileo's Open Service
Navigation Message Authentica-
tion (OSNMA). Spoofed signals will

= American Owned & Made
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be detected using algorithms de-
veloped through Al.

To safely test such capabilities,
precise tools are necessary. Labo-
ratories are developing controlled
radiated environments and hard-
ware-in-the-loop simulation tools
capable of mimicking spoofing and
jamming in a manner compliant
with regulatory spectra. Currently,
designers must assess receivers'
capabilities for detecting anoma-
lies and restoring timing after
spoofing attacks.

Regulators are aware of this re-
ality. Standards of civil certifica-
tion are being developed through
initiatives such as the Resilient
PNT Conformance Frameworks at
the U.S. DOT. This trend indicates
that a new field of innovation in RF
technology is emerging in GNSS
reliability, an aspect previously con-
sidered a given.

QUANTUM SECURITY

MOVES INTO EARLY

DEPLOYMENT

Quantum computing’s threat to

traditional encryption is no longer
hypothetical. The development of
a system that breaks large primes
or elliptic-curve cryptography is
not in sight, but preparatory work
is underway. The U.S. NIST has se-
lected various algorithms, such as
CRYSTALS-Kyber and Dilithium, as
defenses against quantum hack-
ing, and a migration plan is being

drawn up. This is slated to take a
decade or more.

On a similar note, quantum key
distribution (QKD) is also shifting its
focus from lab demonstrations to
field trials. This technology derives its
strength from the quantum proper-
ties of photons, with any interception
triggering a disturbance in their state.
Initial systems are deployed accord-
ing to the BB84 protocol in a metro-
politan fiber-optic network at a rate of
a few megabits per second over dis-
tances of 50 to 100 kilometers.

These systems present several
unique challenges in terms of engji-
neering. Photons are fragile parti-
cles, highly susceptible to loss and
thermal noise that could easily de-
stroy a quantum state. This is why
ultra-low loss fiber, single-photon
detectors or a cryogenic environ-
ment are often required. Quantum
repeaters are also being developed
as a means of increasing range, al-
though coherence across repeater
chains is a challenge.

Quantum systems require a dif-
ferent testing paradigm. Measure-
ment alters the phenomenon of
observation, so classical monitor-
ing techniques are not possible in
quantum systems. Quantum system
builders have developed methods
based on statistical analysis of error
rates in quantum bits and on analy-
sis of photon distributions. Others
have developed hybrid systems
combining post-quantum cryptog-

raphy and QKD.

Quantum security is shifting
from physics labs to network op-
erations centers, ushering in a new
era in our approach to trust and
verification.

THE BIGGER PICTURE

All six of these trends share one
theme: intelligence is moving clos-
er to the physical layer. Whether it
is 5G-Advanced adapting in real
time, Al operating at the edge,
photons or securing quantum links,
the innovation is happening where
computation meets signal.

For engineers, that is encourag-
ing. The skills rooted in RF design,
timing and measurement are be-
coming more valuable than ever.
As networks evolve from passive
transport to active participants in
computation and security, preci-
sion and reliability at the signal lev-
el will decide how well the digital
world functions.

The coming year will not simply
deliver more bandwidth. It will re-
define what it means for networks
to sense, adapt and protect them-
selves. For those of us who have
spent our careers at the intersection
of hardware and protocol, it is both
a technical challenge and an oppor-
tunity. The next generation of con-
nectivity will not be built only in the
cloud; it will be engineered at the
physical layer, where every hertz and
every nanosecond still matter. B

N
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Direct RF Conversion and
Devices Leveraging the

Technology

Mike Barrick

Emerson, Fort Worth, Texas

F semiconductor and sampling
technologies are advancing rap-
idly. Combinations of these tech-
nologies have yielded high speed
RF analog-to-digital converters (ADCs) and
digital-to-analog converters (DACs) capable

Coarse | Linear
DDCO EQ DDCO

Fine
DUCO DUC0

Clock and Sync Distribution
$8@4as aueT-n|N D/a¥02asar

Fine
DUC1 DUC1

Coarse | Linear
DDC1 EQ DDC1
C

[ buct |

A Fig. 1 Direct RF transceiver using direct conversion.
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of direct conversion between digital and
Ka-Band, decreasing the need for analog
RF front-ends (RFFEs) and simplifying trans-
ceiver systems.

Use of these new converters in semicon-
ductor devices, such as digital RF transceiv-
ers and RF system-on-chip (RFSoC) devices,
has enabled decreases in size, weight and
power that were previously not achievable
and flexible, on-chip digital up-conversion
(DUQ), digital down-conversion (DDC) and
filtering. A block diagram for a digital RF
transceiver using direct conversion is shown
in Figure 1.

Digital RF transceivers and RFSoCs are
being increasingly used in downstream de-
vices, such as transmit/receive modules
(TRMs), software-defined radios (SDRs) and
commercial terrestrial and satellite commu-
nication (satcom). Since these devices now
include mixed-signal RF and digital inter-
faces, traditional measurement approaches
using vector network analyzers (VNAs) are
no longer useful. A new approach for testing
is needed.

MWJOURNAL.COM m JANUARY 2026
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A Fig. 2 AESA antenna with visible TRM antennas.
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A Fig. 3 Notional block diagram of an analog TRM.

AESA AND TRM BACKGROUND

The first phased arrays in the early 1900s were me-
chanically scanned using switches. Today's active elec-
tronically scanned arrays (AESAs) use many solid-state
TRMs or digital receiver exciters (DREXs), each connect-
ed to one or more antenna elements. Figure 2 shows
an example of a new generation AESA with phased ar-
ray antenna elements visible on the face of the antenna.

Architecting of the AESA with TRMs/DREXs was
made possible by advancements in RF semiconduc-
tor technology in the 1980s. Today, even newer tech-
nologies and device types are available for high-power
transmit amplification and low noise receive amplifica-
tion. Leveraging these advancements, the size, weight,
power and cost (SWaP-C) of TRMs/DREXs have been
reduced, and usage is building in commercial applica-
tions such as satcom.

TRMs and DREXs provide a range of functionality in
an RF system, including high-power amplification (HPA)
for the transmitter, low noise amplification (LNA) for
the receiver, phase shifting to steer the AESA “beam,”
and circulators and switches to route signals. Figure 3
shows a notional block diagram of an analog TRM.

Newer digital TRMs (DTRMs) transmit by receiving
high speed serial (HSS) data from the RF system, apply-
ing serial to parallel conversion, converting to RF and
amplifying to the required level using an HPA. Likewise,
DTRMs receive by amplifying with an LNA, converting
to digital, then applying parallel to HSS conversion. If
the frequency is in the Ka-Band or below, this often le-
verages digital RF transceiver devices to handle RF to

MW]JOURNAL.COM m JANUARY 2026

A Fig. 4 Block diagram of a multichannel DTRM.

digital conversion as close to the antenna as possible,
enabling additional signal processing functions in the
DTRM, including DDC, DUC and filtering.

DTRMs often use multichannel digital RF transceivers
with 16 or higher channels on a single semiconductor
device. Figure 4 shows a high-level block diagram of a
multichannel DTRM with antennas.

AESAs configured with DTRMs offer additional ad-
vantages over analog TRMs, including increased flex-
ibility and reduction in SWaP-C. However, the evolution
to DTRMs also presents new challenges, including how
to test multichannel DTRMs from “RF to Bits” in pro-
totyping, development, characterization, hardware-in-
the-loop (HIL) and production test phases.

WHAT IS REQUIRED TO TEST A TRM?

Analog TRMs have traditionally been tested us-
ing systems including VNAs, vector signal generators
(VSGs) and vector signal analyzers (VSAs). Depending
on the stage in the TRM test cycle, combinations of
these instruments can be used to extract the desired
measurement parameters.

Classical VNAs fundamentally provide small signal
S-parameter measurements, such as gain, input match
and output match, and enable calibration of the TRM
using a range of transmit and receive gain and phase
settings. In addition to CW measurements, some VNAs
can also be useful for pulsed measurements, enabling
measurement of semiconductor devices in the PA that
are unable to operate at 100 percent duty cycle due to
device heating.

The pairing of a VSG with a VSA (VST) provides addi-
tional measurement capability that is required for some
stages of testing. These instruments enable the test en-
gineer to excite the TRM with a modulated waveform
and measure wideband signal parameters on the out-
put. A range of potential measurements is enabled us-
ing these types of instruments, including noise figure

51



TechnicalFeature

(NF), adjacent channel power (ACP),
error vector magnitude (EVM), third-
order intercept (TOI/IP3), spurious
free dynamic range (SFDR), power-
added efficiency (PAE), large signal
parameters and others.

Multichannel TRMs present spe-
cial challenges, as channel-to-chan-
nel isolation and relative character-
istics between channels may be re-
quired. Multiport VNAs can be used
to measure isolation between chan-
nels, per-channel gain and phase
response. However, CW stimulus
and measurement techniques used
with multiport VNAs are fundamen-
tally different from real-world mod-
ulated signals. Multichannel VSTs
can simultaneously stimulate and
measure all ports of the multichan-
nel TRM using wideband, phase-
aligned signals, enabling measure-
ments in a configuration matching
usage conditions. An example of
a 4-channel, phase-aligned VST is
shown in Figure 5.

As described in the previous sec-
tion, DTRMs no longer have an ana-
log input/output for testing, so these
traditional instruments are of limited
utility. New solutions matching the
mixed-signal nature of DTRMs are
required, with the capability to make
new measurements that are analo-
gous to VNAs, VSGs and VSAs.

SDR BACKGROUND

SDRs are a more recent develop-
ment than TRMs, having been initi-

~

?\—,.OQ(.‘- o

ated in the 1980s and accelerated
by recent developments in RFSoCs.
SDRs consist of a few fundamental
building blocks, which could either

be monolithic or distributed, includ-
ing RFFE and digital I/Q baseband
(Direct RF conversion), stream sig-
nal processing and host controller.

Synchronize up to
4 VSTs in a Single
18-Slot Chassis

Shared LOs for MIMO
Configurations

A Fig. 5 4-channel, phase-aligned VST.
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Common PXI Synchronization and Trigger Bus

X

A Fig. 7 Single-box, 4-channel RF and HSS test system.

A block diagram for a generic SDR
is shown in Figure 6.

Assuming that the board set for
an SDR includes at least an integrat-
ed RFFE and digital 1/Q baseband,
DTRM and SDR test needs are very
similar.

EVOLVED MIXED-SIGNAL TEST
SYSTEM

The major change in the transi-
tion from analog TRMs to DTRMs
is the replacement of one of the
RF ports with an HSS bus. Likewise,
SDRs have a similar configuration
with both HSS and RF interfaces. A
new means of emulating HSS sig-
nals with the test system is needed
to meet measurement needs for
these new mixed-signal devices.

A complete single-box test sys-
tem providing four channels of RF
transmit (Tx) and receive (Rx) capa-

5-500 MHz
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bility, as well as four channels of HSS
Tx and Rx capability, is shown in
Figure 7. Details of the test system
components are provided in the fol-
lowing section.

EVOLVED MIXED-SIGNAL TEST
SYSTEM COMPONENTS
Emulation of transmission and
reception of HSS signals can be
achieved using various approaches,
most of them based on user-pro-
grammable FPGAs. Development
boards from FPGA manufacturers
are one option, but they can have
short support lives and lack the abil-
ity to be synchronized with the test
system. A modular commercial off-
the-shelf (COTS) solution would be
a superior solution, providing a user-
programmable FPGA and flexible
electrical or optical HSS interface as
well as synchronization with the test

A Fig. 8 NI PXle-7903 Flex-RIO HSS
module. Source: Based on Xilinx Virtex
UltraScale+ VU11P FPGA with 48 multi-
gigabit transceivers.

system through the PXI backplane.
An example of this solution is shown
in Figure 8.

HSS formats used for DTRMs
and SDRs are not standardized, and
can include various formats such as
JESD-204C, 100 GbE, Vita 17.3 and
Aurora. Each of these formats has
user-selectable options, including
the number of lanes, encoding and
bit depth. Based on the multitude
of HSS formats and the potential
range of user-selected options for
each format, semi-custom IP is typi-
cally needed for the FPGA, match-
ing the implementation for the
device(s) to be tested.

Modulated RF signal generation
and analysis, and matching the fre-
quency range and bandwidth to be
tested, are needed on the RF side
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of the device under test (DUT). De-
pending on the DUT configuration,
either a single-channel or multi-
channel solution could be required.
If the DUT is multichannel and si-
multaneous measurement capabil-
ity is needed, a multichannel VST
solution is necessary. However, if se-
quential measurements are accept-
able, a single-channel VST with RF
switching could be used. In either
case, synchronization with the FP-
GA-based HSS solution is required.
A modular VST solution is shown in
Figure 9, enabling synchronization
with the test system through the
PXI backplane, similar to the COTS
FPGA solution.

In addition to HSS and RF 1/O,
DTRMs and SDRs typically require
state control signals. These are usu-
ally provided over SPI, 12C, MIPI
or other interfaces. Ideally, these
control signals would be synchro-
nized with the test system so that
the timing of HSS and RF could be
tightly controlled.” A multichannel,
SW-configurable solution to pro-
vide a large array of control signals
is shown in Figure 10. This includes

e AMPLIFIERS UP TO 160GHz
e FREQUENCY MULTIPLIERS/
DIVIDERS UP TO 160GHz
e ANTENNAS UP TO 500GHz

o COUPLERS UP TO 220GHz

o [SOLATORS/CIRCULATORS UP
TO 160GHz

oFILTERS/DIPLEXERS/SOURCES
UP TO 160GHz

oSWITCHES UP TO 160GHz

oPHASE SHIFTERS UP TO 160GHz

o TRANSITIONS/ADAPTERS UP TO

500GHz synchronization with the test system
eWAVEGUIDE PRODUCTS UP TO through the PXI backplane, as in

1THz other examples.
e TERMINATIONS/LOADS UP TO Lastly, the DTRM or SDR needs A Fig. 10 NI PXle-6571 digital pattern
325GHz instrument.

power from the test system. In cases
where high-power PAs utilizing GaN
technology are used, power must
be pulsed and measurements must
be made during the “on” cycle of
the device. In addition, DTRMs or
SDRs may require multiple voltage
rails with specific turn-on/off se-
quences. A power supply (source
measure unit) capable of providing
continuous or pulsed power in syn-
chronization with the test system is
shown in Figure 11.

oMIXERS UP TO 500GHz

oonl

; AAm=(EEH6R10
- &

A Fig. 11 NI PXle-4139 source measure
unit.

eATTENUATORS UP TO 160GHz
oPOWER COMBINERS/DIVIDERS
EQUALIZERS
oCABLE ASSEMBLIES/
CONNECTORS UP TO 110GHz
oSUB-SYSTEMS UP TO 110GHz
oDETECTORS UP TO 500GHz
oUMITERS UP TO 160GHz
oBIAS TEE UP TO 110GHz

MIXED-SIGNAL
MEASUREMENTS FOR DTRMS
AND SDRS

While traditional VNA RF in/RF
out measurements are no longer
applicable for DTRMs and SDRs,
analogous single or multichannel

a combination of HSS bit stream(s)
into the SDR or DTRM, and mea-

Add:1710 Zanker Road Suite 103,San Jose, CA 95112
Tel: (408) 541-9226 Fax:(408) 541-9229

WWW.CErnex.com www.cernexwave.com
E mail: sales@cernex .com

measurements with HSS in/RF out
and RF in/HSS out are now possible,
leveraging the system and compo-
nents described in the previous sec-
tions.

Traditional VST-based Tx mea-
surements can be emulated using

surement of RF output(s) from the
device. Measurements on the re-
sulting RF signal can be made, in-
cluding generic time-domain and
frequency-domain  measurements
as well as standards-based mea-
surements like ACP and EVM. Two-
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tone measurements like TOI can be emulated using
dual tones encoded in the HSS stream. PAE can be
measured for various types of input signals by measur-
ing RF output power and input DC power and calculat-
ing the ratio of the two.

Likewise, analogous measurements to traditional Rx
measurements, such as BER/BLER, can be constructed
using modulated RF signals into the SDR or DTRM, and
demodulated digital I/Q from the HSS stream. NF mea-
surements can be measured using traditional Y-Factor
techniques and monitoring the amplitude of the HSS
digital 1/Q stream.

Mixed-signal analogs to traditional VNA S-param-
eter measurements are challenging to construct, but
some pre-work has been done in academia.? Standard
VNA measurements use ratios of forward and reverse
signals (A-incident and B-reflected waves) measured at
calibrated reference planes. It is difficult to implement
a similar approach with mixed-signal devices due to
challenges, including a lack of a reference plane and
suitable calibration standards on the digital side. Work
continues to identify a suitable set of approaches.

CONCLUSION

DTRMs and SDRs require test solutions tailored for
mixed-signal devices in development to production test
stages. While measurements between these phases are
similar, different phases have different requirements,

such as accuracy, speed and other factors.

Test solutions for legacy analog TRMs have consist-
ed of VNAs, VSGs and VSAs, but newer DTRMs require
evolved capability to make mixed-signal measurements
with HSS data streams and RF signals. Measurement re-
quirements for SDRs require a similar mix of HSS and
RF.

A solution has been proposed leveraging FPGA-
based HSS, VST-based RF, power supply and control,
all synchronized using PXI-based timing and synchroni-
zation with sub-nanosecond accuracy. This solution of-
fers benefits including accuracy of traditional VSG and
analysis, customized FPGA-based HSS interface match-
ing the DUT configuration and the ability to leverage
PXl-based timing and synchronization to provide fast
changes in power, control, HSS and RF configuration to
accelerate measurements of mixed-domain devices. &

|
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n oscilloscope is used to capture
the time-domain incident and
reflected voltages at the ports
of a device under test (DUT), en-
abling load-pull measurements with digi-
tally modulated signals. This enables the
extraction of load-pull contours for output
power, gain, power-added efficiency (PAE),
drain efficiency and adjacent channel power
ratio (ACPR) without requiring prior tuner
characterization or waveform corrections. It
relies on the standard load-pull calibration
while leveraging direct time-domain wave-
form measurements, eliminating the need
for a comb generator as a phase reference.
Power calibration still requires accounting
for losses between the oscilloscope and the
DUT's ports. The feasibility of this approach
is validated through 2 GHz load-pull mea-
surements on a GaAs FET using a 20 MHz
LTE signal.
Although modern wireless system design
relies on digitally modulated signals like LTE,
RF and microwave power amplifiers (PAs) are

typically designed using continuous wave
(CW) test data. This results in suboptimal
performance, as CW measurements fail to
adequately describe PA linearity, with ACPR
being a key figure of merit. A measurement
system that characterizes transistors with
modulated signals would greatly benefit PA
design.

Modulated S-parameters lack sufficient
detail for PA design.! To address this, load-
pull measurements with multi-tone? or digi-
tally modulated signals3® provide more
comprehensive data crucial for designing
PAs. For example, Ghanipour et al.” demon-
strate how the optimal matching impedance
varies significantly between two-tone and
digitally modulated signals, underscoring
the value of modulated signal characteriza-
tion. The vector component analyzer (VCA)2
is a commercial approach for active device
characterization with periodically modulated
signals.

Microwave transistor characterization can
be performed in the time domain, which has
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been explored through various ap-
proaches. Time-domain load-pull
techniques date back to using a
microwave transistor analyzer (MTA)
for waveform engineering.? Other
time-domain  load-pull methods
employ a combination of vector
network analyzers (VNAs) with os-
cilloscopes'@11 or large signal net-
work analyzers (LSNAs) for pulsed’?
and multi-tone’3 measurements or
analyzing load lines.’® Nonlinear
vector network analyzers (NVNAs)
have been used for reconstructing
waveforms.’> An alternative meth-
od uses an oscilloscope for low fre-
quency load-pull to extract intrinsic
current and voltage waveforms.1é
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Nonetheless, most measure-
ment setups that work with the time
domain tend to use CW signals
because they simplify waveform
reconstruction when using frequen-
cy-domain-based equipment, or
because the objective is to analyze
the load lines or perform waveform
engineering. By contrast, this work
uses time-domain waveforms mea-
sured with an oscilloscope to per-
form all the necessary calculations,
enabling load-pull measurements
without requiring an MTA, LSNA,
NVNA or VNA.

The setup uses an oscilloscope
and directional couplers to measure
incident and reflected voltages at

TechnicalFeature

the DUT ports. A vector signal gen-
erator (VSG) generates the modu-
lated signal, enabling the extraction
of ACPR contours and traditional
load-pull metrics such as output
power (P, ), gain (G), PAE and drain
efficiency (ng). The system operates
across a frequency range of 1.8 to
4.0 GHz, limited by the impedance
tuner on the low end and the oscil-
loscope on the high end.

Frequency-domain measure-
ment systems, such as the Maury
Microwave MT2000,4> LSNAs'? or
VNAs, 1.1 often rely on phase refer-
ences for calibration, typically pro-
vided by comb generators. While
oscilloscope-based systems offer
an alternative, many calibration
techniques focus on time-domain
waveform corrections'®1? and may
require additional steps for phase
alignment.20.21 |n contrast, this work
simplifies the process by correcting
reflection coefficients using a well-
established load-pull calibration
method,?2 avoiding the need for a
comb generator.

MEASUREMENTS

The test setup employs an oscil-
loscope and four directional cou-
plers to capture the time-domain
waveforms of incident and reflected
voltages at both ports of the DUT
(see Figure 1).23 A VSG provides
the modulated signal stimulus for
the measurements. The DUT is bi-
ased with bias tees and DC power
supplies, measuring Vpg and Ipg —
parameters essential for calculating
PAE and my. An impedance tuner is
incorporated to adjust the load im-
pedance for the load-pull measure-
ments.

Custom MATLAB software con-
trols the equipment and handles
data acquisition via virtual instru-
ment software architecture (VISA)
commands. The voltage waveforms
captured by the oscilloscope’s four
channels are transferred to the com-
puter, where they are processed to
calculate the calibrated load reflec-
tion coefficients (I') at the DUT's
output port, along with P, G, mg,
PAE and ACPR. A Keysight Sys-
temVue schematic is employed to
configure the VSG to generate the
modulated signal required for the
measurements.
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Reflection Coefficient Measurement

I'| is defined as the ratio of re-
flected to incident voltage at the
output port. Its magnitude and
phase are calculated separately to
determine the uncorrected or raw
I'l from the acquired data. First,
the time-domain waveforms of the
incident and reflected voltages are
analyzed to compute the phase.
Since both signals share the same
carrier frequency (see Figure 2),
their phases are determined using
zero crossings of the first period of
each signal.24 The raw I'| phase is
then obtained by subtracting these
values.

For improved accuracy, the os-
cilloscope’s averaging function is
enabled during this process, en-
hancing the precision of the phase
measurements and the subsequent
calculation of the raw I'| phase. The
zero crossings are measured di-
rectly on the oscilloscope, then the
oscilloscope’s averaging function
is turned off before calculating the
magnitude of I'|. This is important
because it has been observed that
the oscilloscope’s averaging alters
the amplitude of the signal when
measuring a modulated waveform.
This is most likely because the aver-
aging function of most oscilloscopes
is intended for repetitive signals,
benefiting mostly periodic signals,
and the modulated signal used for
this test is not repetitive within the
measured time lapse of 25 ps. At
this stage, the voltage waveforms

from all four oscilloscope channels
are measured, captured and trans-
ferred to the computer for further
processing.

The magnitude of I'| is deter-
mined by computing the voltage’s
fast Fourier transform (FFT). Since
the measurements are performed
using a modulated signal, the aver-
age power within the signal’s band-
width for both the incident and
reflected voltage spectra must be
calculated. The magnitude of the
raw I'| is then obtained by taking
the ratio of the reflected spectrum
to the incident spectrum.

Power Measurements

Conducting load-pull measure-
ments requires determining the
power at the DUT’s input and out-
put ports. These calculations rely on
fundamental principles and equa-
tions from transmission line theo-
ry.2> The incident (P;*) and reflected
(P;) powers are computed from the

measured voltages using Equations
1and 2:

P = Slaif (1)
o1

P = 7|bi|2 2)
Where:

e i=1,2 corresponds to the input
and output ports.

® a; and b; represent the normal-
ized incident and reflected volt-
ages at port i, calculated by di-
viding the measured voltages by

Bandwidth = 20 MHz
x 10-3

VZy, where Z, de-
notes the charac-

4.0

teristic impedance.

35¢

—© (FFT) of b, (Osc.CH3)
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First, the FFT of
the measured volt-
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ages is calculated.
Then, the power of
each spectral com-
ponent within the
signal’s bandwidth
is determined us-
ing Equations 1
and 2. Finally, the
total average pow-
er is computed by
summing all the

A Fig. 3 Magnitude of the FFT of voltages from Figure 2
indicating the bandwidths of the main and adjacent channels.
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individual ~ power

spectral  compo-
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Power mea-

surements require

calibration  after

determining the uncorrected inci-
dent and reflected average power
at each port, as detailed in the fol-
lowing section. Once calibrated, the
input power (P;) and output power
(Pou) are calculated using Equa-
tions 3 and 4:

Pin = P - P @)
Pout = P3 - P2 (4)

Where P;* and P;- refer to the
incident and reflected power at the
input port and P,* and P, corre-
spond to the incident and reflected
power at the output port.

Efficiency Measurements

Drain efficiency (my) and PAE are
calculated with Equations 5 and 6:

Pout | W
nd[%]= VDSt>[< |D]S x 100 ()
PAE[%] =
Pout[W]- Pm[W]
Vs X Tos X 100 (6)
Where:

* Vpg and Ipg represent the bias
drain-to-source voltage and the
DC drain-to-source current of the
transistor.

e P, and P, are the calibrated in-
put and output power values.

ACPR Measurements

ACPR is the power ratio in adja-
cent channels to the power within
the signal’s main channel. Figure 3
shows the FFT of the incident and
reflected voltages in Figure 2, clear-
ly illustrating the signal’s main and
adjacent channels.

Measuring ACPR with this sys-
tem requires calculating the power
in the signal’s adjacent channels at
the DUT's output port. This process
is like calculating P, with one key
difference: the average incident and
reflected power must be computed
for the frequency range within the
adjacent channels. The calculation
is performed separately for the up-
per and lower adjacent channels,
with a 1 MHz gap between the main
channel and each corresponding
adjacent channel.

After obtaining the incident and
reflected average power for both
adjacent channels, these values un-
dergo the same calibration process

as P The adjacent channel power
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is then calculated using Equation 4.

CALIBRATION

Load-pull measurements involve
multiple calibration steps before
data collection, with specific proce-
dures depending on the measure-
ment setup. This work simplifies
the calibration process, requiring
only knowledge of the losses in the
directional couplers and certain ca-
bles to calibrate power accurately.

Power Calibration

The first step is calibrating the
power to deliver the desired power
level to the DUT's input port. This
involves adjusting the VSG’s power
level and correcting the measured
power to compensate for any losses
from the oscilloscope channels to
the DUT's ports.

This setup requires character-
izing the losses of the directional
couplers and cables from the oscil-
loscope channels to the DUT's ports
in advance. This is achieved using
a power meter, spectrum analyzer
or VNA. With these values, when a
power measurement is taken, the
losses must be accounted for by
adding them to the measured pow-
er values. This enables the incident
and reflected power to be deter-
mined at the DUT's ports rather than
at the oscilloscope channels.

Subsequently, P;, and P, are
computed using Equations 3 and
4. This simplifies the process by
avoiding the more complex task of
correcting the time-domain wave-
forms. Power calibration becomes
more straightforward by focusing
solely on power levels and losses in
the setup.

Since load-pull measurements
involve varying I'| presented to the
DUT, the strong dependence of I';,
on I'725 can cause the measured
input power to deviate significantly
from the expected value due to a
highly reflective I';,, at certain I'; val-
ues. Consequently, when comput-
ing P,, using Equation 3, the mea-
sured P, can be significantly smaller
than expected. Although I, was
not explicitly computed, initial tests
suggest that increases in reflected
power affecting P;, match the theo-
retical dependence of I';, on I, see
Equation 7. So, in addition to the
initial power calibration, an input
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power level adjustment sequence is
implemented in the MATLAB code
used for the measurements to re-
solve this issue.

o S12S11°L
Tin = S11 775,10 @)

The sequence involves measur-
ing P;, and incrementally increasing
the VSG's output power level until
P,, reaches the expected value. This
adjustment is performed for each

TechnicalFeature

tuner position, ensuring that every
measurement is conducted with a
consistent input power level at the
DUT's input port, regardless of the
DUT's I},

Reflection Coefficient Calibration
The raw I'| value is calibrated
using the method outlined by Fer-
rero and Pisani,?2 which involves
performing open-short-load (OSL)
calibrations at different reference
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planes within the measurement setup. The first OSL
calibration is carried out at the reference plane labeled
as 1 in Figure 1a. A thru standard is then connected at
Reference Plane 1 to perform an OSL calibration at Ref-
erence Plane 2 that is used only during a validation step
in the calibration process.

Then, after connecting the directional couplers be-
tween Planes 2 and 3, an OSL calibration is conducted
at Reference Plane 3 before connecting the tuner. All
reference planes are indicated in Figure 1a. This pro-
cess provides the necessary values to compute the cali-
brated I'}.

Finally, before starting the measurement, some I'|
values are measured with the thru still connected at
the DUT's ports to compare the measurement from the
couplers at the input port (calibrated with the second
OSL) with the measurements from the couplers at the
output port (calibrated with equations from Ferrero and
Pisani2?). If the calibration is performed correctly, both
I', values should be equal for each tuner position.

When all calibration measurements are completed,
the DUT is connected in place of the thru standard,
and the measurements proceed without any additional
disconnections in the setup. Additionally, a thru-reflect-
line (TRL) calibration?¢ is necessary to de-embed the ef-
fects of the transistor’s test fixture.

EXPERIMENTAL RESULTS

The signal used for the measurements is an LTE-
modulated signal with an average power of 5 dBm, a
center frequency of 2 GHz and a bandwidth of 20 MHz.
An ATF38143 GaAs FET biased with Vgg=-0.56 V and
Vps=3 V is used. The results are shown in Figures 4
through 9, where the load-pull contours for P, G, mg,
PAE and both upper and lower ACPR are displayed on
Smith charts generated using Focus Microwave's Con-
tour Viewer software.

These results offer a more accurate representation of
the DUT's performance when designing a PA intended
to operate with modulated signals in its final applica-
tion and provide the designer with the optimal I'; val-
ues needed to achieve the desired performance.

Analyzing the P, and ACPR contours in Figures 4, 8
and 9 reveal that the I, values for maximum P, are lo-
cated on the Smith chart far from those that achieve the
best performance for both the upper and lower ACPR.
The same applies to the G, ng and PAE contours, where
their optimal I'| values differ from those that provide
the best ACPR performance. This information helps the
designer choose the optimal I'| to balance efficiency
and linearity for an amplifier operating with a modu-
lated signal, enabling analysis of the tradeoff between
these factors based on a specific application.

After performing the load-pull measurement, some
I', values are selected to repeat the measurement us-
ing spectrum analyzers (SAs). The incident and reflect-
ed output power levels at both the main and adjacent
channels are measured to validate all power-related cal-
culations from the load-pull measurements.

The validation requires disconnecting the cables
from the oscilloscope’s channels 3 and 4 and connect-
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ing each to a Keysight N9010A
spectrum analyzer. The results are
shown in Table 1. P_, of the main
channel shows minimal difference
between measurement approaches,
indicating that the power calcula-
tions based on the measured volt-
age waveforms are accurate. How-
ever, power levels in the adjacent
channels differ by up to 1.7 dB, im-

pacting ACPR (see Table 1). These
discrepancies are attributed to the
oscilloscope’s  reduced dynamic
range compared to the spectrum
analyzer. According to the oscil-
loscope’s data sheet,?’ the vertical
resolution is 8 bits with averaging
off and 12 bits with averaging on
(used only for phase calculations),
resulting in a theoretical dynamic

range of approximately 48 dB and
72 dB, respectively. In practice, the
oscilloscope’s dynamic range is also
influenced by the vertical scale se-
lected for the measurement; a lower
V/div setting reduces the maximum
voltage that can be measured with-
out clipping.

Also, the directional couplers that
separate the incident and reflected

Pout

Max: 18.70

1st Contour: 17.70
Min: 0.71

Gain

Max: 14.37

Load 1st Contour: 13.37
Zo =50 Min: -4.46

N_Dr

Max: 56.40

1st Contour: 52.60
Min: 1.04

A Fig. 4 Measured output power load-

A Fig. 5 Measured gain load-pull

A Fig. 6 Measured drain efficiency

pull contours. contours. load-pull contours.
PAE ACPR ACPR
Load Max: 53.43 Max: 23.92 Max: 22.64
(oL 1st Contour: 49.23 Load 1st Contour: 22.72 Load 1st Contour: 21.44
Zo=50 Min: -5.79 Zo =50 Min: 14.81 Zo =50 Min: 14.63

Step: 1.20

A Fig. 7 Measured PAE load-pull
contours.

A Fig. 8 Measured upper ACPR load-
pull contours. ACPR values are negative
and expressed in dBc.

A Fig. 9 Measured lower ACPR load-
pull contours. ACPR values are negative
and expressed in dBc.

TABLE 1
COMPARISON OF POWER MEASUREMENTS FROM AN OSCILLOSCOPE AND A SPECTRUM ANALYZER
P;, P,.:(Scope) P,.:(SA) APCRe(Scope) APCRo e (SA) APCR,,,..(Scope) APCR,,,..(SA)
Iy (dBm) (dBm) (dBm) (dBc) (dBc) (dBe) (dBc)
0.312174° 48 18.7 186 7.4 158 163 150
0.32£116° 5.1 17.9 17.6 7.2 156 7.4 15,9
0.88£-22° 49 8.7 7.8 226 220 232 Y
0.23/-164° | 5.1 180 18.0 7.4 156 17.3 15,9
0.16£173° 5.1 18.2 18.2 7.4 5.7 7.2 5.7
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waves have a coupling factor of approximately 35 dB,
consequently attenuating the measured waves by 35
dB. This makes it more challenging to accurately mea-
sure lower power levels, such as those in the adjacent
channels. This technique could benefit from using di-
rectional couplers with a lower coupling factor to over-
come the disadvantage of an oscilloscope’s reduced dy-
namic range compared with equipment like a spectrum
analyzer. Another option to improve dynamic range is
to implement a statistical averaging technique.?®

CONCLUSION

Load-pull measurements are performed with modu-
lated signals using an oscilloscope, removing the need
for complex equipment like an LSNA, NVNA or VNA.
The proposed approach streamlines the calibration
process by eliminating the need for prior tuner charac-
terization, waveform corrections and a comb generator
for phase reference. It provides accurate load-pull con-
tours for output power, gain, drain efficiency, PAE and
ACPR. Additionally, this work includes all the necessary
details for setting up the measurement system and as-
sembling the test bench. Experimental validation with
an ATF38143 GaAs FET demonstrates the effectiveness
of this method in optimizing the efficiency-linearity trad-
eoff in power amplifier design. ®
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RS103 Testing Pushes
Boundaries in Military Markets

ETS-Lindgren

Cedar Park, Texas

n the world of military and aerospace electronics, com-

pliance testing is not just a box to check; it is a matter of

mission success and safety. Among the many procedures

outlined in MIL-STD-461, one stands out for its rigor:

RS103, the radiated susceptibility test. For systems that
must withstand 200 V/m field strength, RS103 represents a
formidable challenge. Within this procedure, the frequency
range of 30 to 200 MHz has long been a thorn in the side of
engineers and test labs.

THE PAIN POINT OF BICONICAL ANTENNAS
IN HIGH-FIELD TESTING

Traditionally, the solution has been the biconical anten-
na, a legacy design that has served the industry for decades.
Yet when pushed into high-field territory, its shortcomings
become clear. Engineers face high voltage standing wave
ratios (VSWR), unpredictable radiation patterns and ex-
cessive harmonic emissions. In fact, it is not unusual for
harmonics to exceed the fundamental signal, undermining
the integrity of the test.

72

Dimensional constraints add to the frustration. MIL-
STD specifies that the receive biconical antenna should
measure 137 centimeters overall. While this requirement
does not apply to radiated susceptibility, many labs prefer
to use a single antenna for both emissions and suscepti-
bility testing. That means the balun must remain small
enough to fit emissions requirements, limiting its ability to
handle the power needed for RS103. The result is an an-
tenna that cannot reliably generate 200 V/m at one meter
or greater distances without being oversized and prohibi-
tively expensive.

The inefficiency of the biconical antenna also creates
standing waves in the test chamber, a dangerous condi-
tion for sensitive amplifiers and other test equipment. For
facilities tasked with high-field testing, these limitations
translate into risk, cost and wasted time.

SOLVING THE BICONICAL ANTENNA
PROBLEM

The industry has reached a point where a new ap-

MWJOURNAL.COM M JANUARY 2026
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A Fig. 1 Model 3170 Intell-I-Tune™ Antenna System.

proach is not just desirable, it is essential. To achieve the
required field strength without jeopardizing amplifiers or
test components, engineers need an antenna that can adapt
dynamically to frequency changes, reduce standing waves,
suppress harmonics and maintain a low VSWR. In short,
the solution must be smarter, more efficient and more reli-
able than the traditional biconical antenna.

DIRECTED DIPOLE / YAGI ANTENNA
APPROACH

Enter the Yagi-style antenna with tunable dipole ele-
ments, a design that reimagines low frequency testing as
shown in Figure 1. Unlike fixed-length antennas, which
are inherently narrowband and power hungry, a tunable
dipole system can adjust itself to the environment. Stepper
motors, guided by precise algorithms, alter dipole lengths
for each frequency and polarization. This ensures true reso-
nance across the band and keeps VSWR below 3:1—often
closer to 1.5:1—providing a clean, efficient signal path.

Harmonic emissions can be reduced by more than 25
dB, delivering a cleaner signal and eliminating the need to
overdrive amplifiers. Because the antenna operates at the
fundamental frequency, smaller and less costly amplifiers
can be used without sacrificing compliance. This reduces
system complexity and lowers overall cost.

Automation adds another layer of value. Once tuning
files are stored, the antenna automatically adjusts to the
correct configuration, eliminating manual intervention.
This hands-free operation increases throughput, minimiz-
es human error and ensures repeatable results. For busy test
labs, the ability to streamline operations while maintaining
accuracy is key.

OPTIMIZED ANTENNA TEST SOLUTION

Low frequency testing has always demanded a differ-
ent approach than microwave or high frequency ranges. A
tunable, automated antenna system addresses these unique
needs by offering multiple configurations, maintaining

MW]JOURNAL.COM m JANUARY 2026

TABLE 1

ELECTRICAL AND PHYSICAL TECHNICAL
SPECIFICATIONS OF MODEL 3170

Technical Specifications

Electrical

Frequency Minimum 30 MHz
Frequency Maximum 200 MHz

Impedance (Nominal) 500
Maximum Continuous Power 2500 W
Peak Power 3500 W

Pattern Type Directed Dipole

Polarization Single (Vertical or Horizontal)

VSWR (Average) 1.5:1

7/16 in. DIN for RF and DB25
for 1/0 Control

Antenna Height 12.5cm (4.9in.)

276.9 cm (109.1 in.)
101.7 cm (40.0in.)
15.9 kg (35.0 Ib.)

Connectors

Antenna Width

Antenna Depth

Antenna Weight

low VSWR and delivering consistent performance. The re-
sult is higher throughput, improved efficiency and greater
confidence in test outcomes.

Such a solution is particularly valuable for government
and contractor-run military EMC labs, aerospace OEMs,
Tier 1 suppliers, commercial EMC facilities and industrial
electronics environments. These organizations operate un-
der intense pressure to meet compliance standards while
managing costs and timelines. A smarter antenna system

helps them achieve both.
INTELL-I-TUNE™ ANTENNA SYSTEM

Recognizing the need for innovation, ETS-Lindgren has
introduced the Model 3170 Intell-I-Tune™ Antenna Sys-
tem. Designed to replace the traditional biconical antenna,
the Intell-I-Tune system integrates tunable dipole technol-
ogy with automated control. It delivers the performance
required for RS103 testing while reducing strain on ampli-
fiers and improving overall efficiency. 7able 1 shows the
technical specifications, including electrical and physical
characteristics.

For facilities facing the challenges of RS103, the Intell-
I-Tune system represents a practical, forward-looking solu-
tion. It embodies the shift from legacy designs to smarter,
adaptive technologies that meet the demands of modern
military and aerospace testing.
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Next-Generation VNA
Extenders Covering 50 to

330 GHz

Eravant (formerly Sage Millimeter Inc.)
Torrance, Calif.

ncreasing applications of mmWave technology are driv-
ing demand for higher frequency testing. With 3GPP fre-
quency range 2 spectrum now extended up to 71 GHz,
and 6G research exploring frequencies up to 175 GHz
and beyond into the sub-THz range, there is a grow-
ing need for band-specific measurements such as over-the-air
(OTA) characterization, antenna pattern measurement and
S-parameter testing of components. The increasing develop-
ment of mmWave and sub-THz application-specific integrat-
ed circuits has further intensified the demand for probe test-
ing and on-wafer measurements. Applications such as E-Band
automotive radar (76 to 81 GHz), satellite communication
links from 71 to 86 GHz, wireless backhaul and fixed-wireless
access in urban networks that leverage the E-Band demon-
strate a growing need for mmWave band-specific testing.
Since the majority of commercially available vector net-
work analyzers (VNAs) typically operate up to a maximum
frequency of 50 GHz, frequency extension modules are es-
sential for characterizing devices beyond the instrument’s
native range. A pair of VNA frequency extender transceiv-
er modules enables full two-port S-parameter measure-
ments. As shown schematically in Figure 1, each extender
transceiver (Tx/Rx) receives a local oscillator (LO) input
from the VNA, which is split into two channels to drive in-

74

dividual receivers. The transmit path multiplies the VNA
test-port signal to the target mmWave frequency, while a
fixed offset between the two VINA ports generates a con-
stant intermediate frequency (IF). The forward-coupled
transmit signal provides an IF reference back to the VNA
for amplitude and phase calibration, and the measurement
receiver returns an IF signal representing the device un-
der test (DUT) response. When used as a calibrated pair,
these transceiver modules enable measurement of all four
S-parameters across extended mmWave and sub-THz fre-

IF IF
Ref Meas

LO Source O—

Adjustable
Attenuator

> 2/ 5 | 152 S s port

RF Source O—

A Fig. 1 Typical architecture of Tx/Rx VNA frequency
extender.
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A Fig. 2 WR-10 ACCESS extender set
with and without adjustable attenuators.

quency bands.

Over the past few years, Eravant
has successfully demonstrated its first-
generation VNA extenders, designed
with in-house discrete off-the-shelf
components and covering the 20 to
330 GHz frequency range. Building
on this foundation and responding to
the expanding mmWave application
landscape, the focus for the next gen-
eration extender line shifted toward
performance optimization and manu-
facturing efficiency. To achieve this,
Eravant developed proprietary inte-
grated circuits that replaced various
building blocks in RF assemblies with
only a few integrated multifunction
components. This design-for-manu-
facturing initiative led to the creation
of the ACCESS Series VNA Extend-
ers, as shown in Figure 2.

The result was a reduction in ma-
terial and labor costs, streamlined as-
sembly and a lighter supply chain load.
This effort also delivered measurable
technical performance improvements.

The new proprietary chipsets under-
went extensive qualification to ensure
long-term reliability, amplitude stabil-
ity and phase stability. ACCESS series
extender heads maintain stable tem-
perature over prolonged usage, which
ensures long-term repeatable measure-
ment without frequent recalibration.
Furthermore, the ACCESS extenders
for V-, E- and W-Bands provide up to
15 percent wider frequency coverage
than their predecessors, which only
cover the full waveguide bandwidth.
Mechanical refinements, including a
length reduction from 11.5 to 8 in.
and a weight reduction from 4.4 to
2.8 1b., make these extenders ideal
for space-constrained setups, such as
gimbal-mounted OTA chambers and
on-wafer probe testing.

Table 1 shows the complete lineup
of base ACCESS series VNA extend-
ers. The -CM-E2 versions include an
optional adjustable-level attenuator
that provides up to 30 dB of output
power control, making it valuable for
testing input-power-sensitive devices
such as LNAs and power amplifiers.
Each extender module includes 1 in.
and 2.5 in. waveguide straight sections
featuring Eravants Proxi-Flange™
contactless interface. By incorporat-
ing this flange section, setup and
calibration time for two-port calibra-
tions, such as short-open-load-thru
and thru-reflect-line, can be reduced
significantly because there is no need

TABLE 1
ACCESS VNA EXTENDER, BASE VERSION LINEUP

RF

Port

Frequency Dynamic Range

(GHz) (dB)
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Herotek

200 WATT
HIGH POWER
. LIMITERS

- Frequency range down to 10MHz

- Low Insertion Loss and VSWR

- 200 Watt CW and 1000 Watt Peak

- (1 Microsec pulse width) power
handling capability

- Built-in DC block @ input and output

- Hermetically sealed module

MAX*
FREQ. MAX ?
MODEL RANGE | 'NSERTION | MAX® | oyt
LosS VSWR
(MHz) (dB) cw
LS00102P200A | 10200 03 151 200
LS00105P200A | 10500 08 221 200

1 - Insertion loss and VSWR tested @-10dBm

2 - Power rating de-rated to 20% @+125°C

3 - Leakage slightly higher at frequencies
below 100 MHz

Other Products:

- Detectors
- Amplifiers
- Switches
- Comb Generators
- Impulse Generators
- Multipliers
- Integrated
Subassemblies

please call for additional information
J
VISAS

Tel: (408) 941-8399
Fox: (408) 941-8388

Email: Info@herotek.com

Website: www.herotek.com
Visa/Mastercard Accepted
155 Baytech Drive, San Jose, CA95134
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Measured Performance vs. Frequency
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A Fig. 3 ACCESS VNA Extender’s measured dynamic range
and output power.
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Adjustable
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A Fig. 4 Miniature extender architecture, Tx/Ref (a) and Rx
(b).
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to manually tighten waveguide screws and worry about
flange misalignment. This feature also improves measure-
ment repeatability and reliability as the screwless measure-
ments prevent the risk of cross-threading and mechanical
wear that could potentially compromise calibration accu-
racy at mmWave and sub-THz frequencies. Each extender
ships with a test report including measurements like test
port output power, dynamic range and calibration certifi-
cate, ensuring full specification compliance. These reports
are stored in a USB memory which can be accessed via the
USB-C port provided on the rear panel of the extender
head. Performance of the WR-10 ACCESS VNA extender
over 67 to 116 GHz is shown in Figure 3.

Compact form-factor of the ACCESS series extenders
can be further tailored for OTA testing applications, where
one-directional measurement, such as gain and radiation
pattern characterization, does not require full-duplex ex-
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Miniature Rx Module

~
T

A Fig. 5 VNA extender setup using open-bed CATR.

tender heads. A miniaturized set consisting of a transmit
reference (Tx/Ref) module and a receive (Rx) module can
be developed simply by reducing the number of compo-
nents in the current ACCESS extender RF chain, as illus-
trated in Figure 4. This further reduction in size and weight
enables easier integration on gimbals while preserving the
gimbal’s payload capacity for the DUT, which makes this
configuration ideal for open-bed mmWave compact an-
tenna test range (CATR) setups. Figure 5 shows the VNA
extender setup measuring 110 to 170 GHz using open-
bed CATR.

While passive component testing generally requires
only moderate output power, many advanced applica-
tions demand VNA extenders with higher test port power
to overcome signal loss and enable accurate characteriza-
tion. High-output extenders are useful for applications
such as on-wafer measurements, OTA antenna testing and
sub-THz material characterization, where path losses and
setup attenuation dictate stronger test port output power
in order to maintain sufficient drive power and dynamic
range. In the future, current base ACCESS extenders can
be upgraded with high test port output power by adding a
power amplification stage on the transmit path.

The Next Generation ACCESS Series VNA Extenders
feature a compact, high performance and thermally stable
architecture designed with cost efficiency in mind. This
initiative aims to reduce the traditional barriers to entry in
mmWave developments. As demand for higher frequency
characterization continues to expand across 6G, automo-
tive radar, satellite communications and other emerging
applications, Eravant’s ACCESS platform reflects the com-
pany’s mission to make mmWave technology more acces-
sible, empowering engineers and innovators to advance the
next generation of high frequency systems.

YVENDORVIEW
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ProductfFeature

Enabling Spectrum

Dominance with

Phase Coherent
Receivers

Signal Hound
Battle Ground, Wash.

he electromagnetic spectrum has become a highly
congested environment, creating challenges for
various mission-critical operations. Government,
military and even critical infrastructure protection
depend on clear insight into what signals are pres-
ent, how they behave and how to respond effectively. Tradi-
tional spectrum monitoring provides part of this picture, but
it often lacks the precision needed to act decisively in dynamic
and cluttered RF environments.

This is where the value of phase coherent receivers
(PCRs) becomes apparent. By aligning multiple receiver
channels to a common local oscillator (LO) or reference
clock, PCRs preserve stable phase relationships across
signals. This coherence unlocks a set of capabilities that
extend far beyond simple detection. PCRs enable electro-
magnetic spectrum awareness and spectrum dominance
applications, empowering operators to detect hidden sig-
nals, manage interference and maintain control of the
spectrum.

SPECTRUM AWARENESS

Spectrum awareness is the foundation of electromag-
netic operations. It refers to the ability to detect, identify
and characterize signals across a region of interest. A PCR,
such as Signal Hound’s new PCR4200, enhances this
awareness, building a clear picture of the spectrum in sev-
eral key ways.

Multi-Signal Characterization

Standard receivers measure power and frequency. A
PCR adds the ability to analyze relative phase, allowing
operators to differentiate overlapping signals, spot subtle
modulations and separate friendly transmissions from in-
terference or malicious activity.

78

Reliable Coherent 1/Q Capture

PCRs deliver calibrated I/QQ data that is phase-aligned
across channels. This makes the data useful for post-process
analysis, machine learning or forensic investigations, be-
cause signals can be correlated with high confidence across
different antennas or monitoring nodes. Figure 1 shows
Signal Hound’s proprietary Spike software displaying I/Q
versus time, as well as a spectrum plot, channel power, FM
versus time, waterfall chart and AM versus time.

Detection of Low Probability of Intercept (LPI) Signals
LPI waveforms, burst transmissions and frequency-hop-
ping signals are increasingly common in both commercial
and military systems. PCRs, with their high sweep speeds
and coherent capture, provide the fidelity needed to detect
these fleeting signals and tie them to broader RF patterns.

Creating Multi-Node Coherent Networks for RF
Monitoring
On a local scale, PCRs can be daisy-chained across a

A Fig. 1 Signal Hound's proprietary Spike software display.

MWJOURNAL.COM M JANUARY 2026



A Fig. 2 Signal Hound’s new PCR4200
phase coherent receiver.

building or campus to create a co-
herent monitoring grid. This enables
continuous spectrum awareness for
facilities where sensitive information
or operations must be protected. For
instance, up to four Signal Hound
PCR4200 PCRs can be connected,
enabling up to 16 phase coherent
channels. This type of broad, coherent
monitoring grid means unauthorized
signals, rogue base stations or hidden
transmitters can be identified by their
RF footprints, even if they attempt to
blend into normal background activ-

ity.
SPECTRUM DOMINANCE

Once awareness is achieved, the
next step is spectrum dominance, the
ability to shape or control the elec-
tromagnetic environment to support
friendly operations and deny advan-
tages to adversaries. Phase coherence
is central to many advanced domi-
nance techniques. Figure 2 shows
Signal Hound’s PCR4200 phase co-

herent receiver.

Adaptive Electronic Warfare
Countermeasures

PCRs provide the phase-accurate
data needed to inform adaptive jam-
ming or deception systems. Instead of
blanket interference, which risks dis-
rupting friendly signals, PCR-enabled
systems can surgically target hostile
transmissions while preserving the
rest of the spectrum.

Beamforming and Null Steering

By maintaining stable phase rela-
tionships, PCRs enable transmitters
or transceivers to perform advanced
beamforming — directing energy
where it is needed and creating nulls
where protection is required. This
ensures communications or radar sys-
tems remain functional even in dense
interference environments.

MW]JOURNAL.COM m JANUARY 2026

Cognitive Spectrum
Operations

The future of
spectrum  control
lies in cognitive
electromagnetic
spectrum  opera-
tions, where Al and
machine  learning
dynamically allocate
spectrum  resources
and adapt to new
threats in real-time.

ProductFeature

3 Pl

PCRs provide co-

herent, high-fidelity A Fig. 3 PCR4200 connected to a PC and using Spike

software.
data that these al-

gorithms require to
make accurate decisions quickly.

Distributed Awareness and Control

Multiple PCRs, synchronized via
GPS or high-stability clocks, can be
deployed across wide areas. These dis-
tributed networks deliver a coherent,
wide-angle view of the RF environ-
ment, supporting collaborative opera-
tions and real-time spectrum manage-
ment.

SIGNAL HOUND'S PCR4200
PHASE COHERENT RECEIVER

Signal Hound recently launched
the PCR4200, a new versatile, four-
channel receiver that operates from
45 MHz to 20 GHz and streams 40
MH?z of bandwidth per channel over
10 GbE SFP+. It can sweep indepen-
dently tuned channels at up to 200
GHz per second to capture any sig-
nal of interest within the bandwidth.
Each channel on the PCR4200 may
be configured as a phase coherent
channel using the high performance
shared LO or independently tuned
using that channel’s dedicated LO.
Other features include a built-in 30
MHz to 20 GHz vector signal genera-
tor to simplify system alignment and
calibration, and an internal GPS to
provide precise time, frequency and
location.

This receiver expands its func-
tional capacities with the included
PCR Series API, allowing the device
to integrate with multiple third-party
software applications. At just 16 Ibs.
and measuring 12 x 11.5 x 3 in., this

innovative new product offers a com-
bination of precision and power in a
portable form factor that is equally
suited to the benchtop, lab or out in
the field. Figure 3 shows an example
of the PCR4200 phase coherent re-
ceiver connected to a PC and using

the Spike software.

WHY PCRS ARE ESSENTIAL
FOR THE FUTURE

The electromagnetic spectrum is
a contested and strategic resource.
PCRs transform spectrum monitor-
ing into actionable data analysis. They
empower operators to see deeper into
the spectrum, detect signals that evade
conventional monitoring and act de-
cisively to maintain visibility and con-
trol. As the spectrum becomes more
contested, PCR-enabled spectrum
awareness and dominance will define
the future of secure operations, from
protecting facilities to ensuring mis-
sion success in the most demanding
environments.

Versatility, performance and preci-
sion; the PCR4200 delivers fast sweep
speeds, dynamic range and ultra-low
phase noise to ensure sweeps, data and
accuracy are of the highest quality. In-
dependently  configurable channels,
flexibility in diverse signal environments
and deep data analysis in a multi-chan-
nel monitoring configuration make the
PCR4200 an ideal companion across a
diverse range of scenarios.
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TechBriefs

esigning a power system

to support today’s sensi-

tive RF systems is a com-

plex challenge, particu-
larly in space-based applications.
These systems are integral to satel-
lite communications, remote sens-
ing and navigation and demand an
environment free from electromag-
netic interference and noise. These
specifications add further complex-
ity to power system design.

The need to provide clean and
stable power poses one of the pri-
mary challenges. Power supplies
inherently generate parasitic noise
and ripple, which can couple into
RF circuits, degrading their signal
integrity and overall performance.
In the vacuum of space, conven-
tional grounding and shielding

Radiation-Hardened
Space-Based Power

Systems

techniques are less effective, neces-
sitating solutions such as differential
signaling, advanced filtering and
meticulous circuit layout to contain
stray emissions.

A further obstacle is the harsh
space environment, where power
systems must withstand extreme
temperatures, radiation and the
absence of convection cooling.
Components face threats such as
radiation-induced upsets, latch-ups
and long-term degradation, requir-
ing the use of radiation-hardened
parts and system redundancy for
resilience. Weight and efficiency are
also crucial, so spacecraft have strict
mass and power limitations.

Infineon has over 50 years of
experience with rad-hard RF and

power systems. Its family of rad-hard
R9 MOSFETs uses a superjunction
design architecture and patented
hermetic ceramic packaging, mak-
ing it more resilient to radiation ef-
fects while maintaining efficiency.
More recently, Infineon released the
first internally fabricated, rad-hard
GaN transistor to obtain DLA certi-
fication. Combining the inherently
radiation-resistant qualities of GaN
with Infineon's circuit design, they
are paving the way for more efficient
and reliable power systems in space.

International Rectifier HiRel
Products, Inc., an Infineon
Technologies Company
Andover, Mass.
www.infineon.com/products/
high-reliability/space

Qorvo
QPA9510 ]

emand for long-range,

portable wireless commu-

nication is growing across

markets such as public
safety radios, smart utility meter-
ing, RFID logistics and telematics.
Designers face mounting pressure
from these industries to support
multiple regional bands, extend
battery life and minimize form fac-
tors.

Qorvo’s QPA9510 is a new RF
power amplifier (PA) that aims to
meet these new demands. The
QPA9510 delivers wideband cover-
age from 100 to 1000 MHz with an
efficiency of 55 percent, enabling a
longer runtime in battery-powered
radios and loT devices. The amplifi-
er provides +36 dBm output power
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Sub-1 GHz Wideband
Power Amplifier

and 34 dB gain for link budgets in
space-constrained systems.

The QPA9510 is designed for use
as the final RF amplifier in Global
System for Mobile Communications
(GSM) hand-held equipment in the
900 MHz band and other applica-
tions in the ultra-high frequency
(UHF) bands. By replacing multiple
discrete PAs with one device, the
QPA9510 reduces SKU count, sim-
plifies board design and accelerates
time to market for next-generation
sub-1 GHz systems.

An analog on-board power con-
troller provides over 70 dB range
of gain adjustment for simplified
system calibration and tuning. This
control also allows for power down
with a voltage equal to the logic

“Low” to set the device in standby
mode. The QPA9510 is tunable
over any sub-bands in the operat-
ing range to optimize performance.
The amplifiers sit in a 3 mm x 3 mm
compact quad-flat no-lead (QFN)
package.

When combined with Qorvo's
low noise amplifiers, digital step
attenuators and RF switches, the
QPA9510 enables complete RF
front-end solutions for transmit-
and-receive chains in linear commu-
nication systems.

Y)VENDORVIEW

Qorvo
Greensboro, N.C.
WWW.qOoIvo.com
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Apollo MxFE’s Feature Spotlight:
.- Fast Frequency Hopping
-

oo Outstanding OIP2
from a Small Dual
MMIC Amplifier

Cadence invites you to try one of their in-
novative solutions to see how it can help
you accelerate your time to market.

\ £ /\:5 E...&

The AI-Powered Future

*0¢ or People Sensing

¥

]
StrataWorks’ RF
Design Tool for
Custom RF Filters

coo New Blog Post:
AESA Radar Breaks into
Commercial Markets

Nuvotronics
www.nuvotronics.com

'.: - ZDstrataWorks
- Design Custom RF Filters Online
E— )
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35 GHz Cavity Bandpass Filter
\J)VENDORVIEW

3H’s CC35000-
X2500-8KK is a high
performance 35 GHz
cavity bandpass filter
with a low insertion loss of 1.5 dB in a 2500
MHz passband. 3H’s cavity filter offerings
provide the lowest loss, highest Q in both
military and commercial applications such as
radar, weather monitoring, airborne
navigation and military surveillance.
3H Communication Systems
www.3hcommunicationsystems.com

Multi-hole Directional Couplers

& Series 136, high direc-
Z H‘*”"#} o | tivity, and Series 137,
P “" | very high directivity,
are offered in all
waveguide sizes
within 33.0 to 500
GHz. The standard coupling values are 3, 10
and 20 dB, other values, for example 6, 30,
40, 50 and 60 dB, can be supplied.
Flann Microwave
www.flann.com

Double Balanced Mixer

\_/\/ENDOR\IIEW

The MM1-1886LM
\ is a passive double
balanced MMIC
mixer. It features
excellent 8.5 dB
conversion loss,
superior isolations
and spurious performance across a broad 18
to 86 GHz RF/LO bandwidth. Low LO
drive requirement allows operation at as low
as +7 dBm inputs. The MM1-1886L is
available as a wire bondable chip or a
connectorized package.

Marki Microwave
www.markimicrowave.com

Surface-Mount SP4T Switch
\‘!)VEN DORVIEW
M4SWA4-34DR+

| ; single-pole,

four-throw (SP4T) absorptive GaAs MMIC
switch covers DC to 30 GHz with input IP3 of
+33 dBm. It features an internal driver and
holds typical insertion loss to 0.9 dB at 10 MHz
and 3.3 dB at 30 GHz. Isolation between switch

Mini-Circuits’ model

ports is typically 76 dB at 10 MHz and 42 dB at
30 GHz. The switch is supplied in a 4 x 4 mm
24-lead QFN-style package.
Mini-Circuits
www.minicircuits.com

Coaxial Circulator
The new 3A5BAF

- |® oL | S-Band coaxial
circulator from
Renaissance Electron-
ics, an AEM
company, delivers
superior performance
in demanding satcom
links. Operating from 2.5 to 3.5 GHz, it
features low insertion loss and high isolation
in a compact size while handling up to 5 kW
peak and 500W CW across a -20°C to
+70°C range. Renaissance can customize
performance, power and environmental
specifications to your needs. Get the edge in
your RF designs.
Renaissance Electronics
www.aeminc.com/RF

CABLES & CONNECTORS

High Speed Multi-pin Cable
Assemblies

Y/VENDORVIEW
assemblies are

designed with

blind-mate, high precision contacts. It
features a stable and reliable structure with a
pin pitch of 4 mm, offering high density and
excellent mechanical strength. The assembly
also delivers superior electrical performance,
including low VSWR, low insertion loss,
high delay matching accuracy and excellent
amplitude-phase consistency. It is ideally
suited for applications such as high speed
data testing, semiconductor design and
testing and automated test and
measurement.

The MlIcable 40/50
GHz high speed

multi-pin cable

Micable Inc.
www.micable.cn

K-Band Amplifier
Y)VENDORVIEW

Spanning 18 to 27
GHz, amplifier model
SBP-1832736850-
KF42-EP delivers 68

dB gain and +50 dBm saturated output
power with WR-42 waveguide and 2.92 mm
(F) interface. Other port configurations,
such as 2.92 mm (M) connectors and
WR-42 waveguides for either the input or
output port, are also available under
different model numbers.
Eravant
www.eravant.com

New Space COTS Amplifier
ERZIAs New Space COTS

amplifier line has been
specifically developed to
address the stringent
requirements of New Space
applications. Each amplifier
maintains the same high
RF performance as ERZIA’s COTS equiva-
lent, ensuring robustness against vibration,
acceleration, shock, thermal cycling and other
environmental stresses encountered in space
environments. In addition, several design

enhancements have been implemented.
ERZIA
www.erzia.com

25 dBm Solid-State Amplifier

\YJVENDORVIEW
- Exodus LNA80004 is
Y a 50 to 6000 MHz
hed solid-state Class A
linear amplifier
delivering 25 dBm

P1dB with 30 dB gain and +2.0 dB flatness.
Designed for EMI/RFI, CW/Pulse, lab and
communication applications, it features
built-in protection and a universal AC supply
in a rugged, compact benchtop chassis.
Exodus Advanced Communications
www.exoduscomm.com

Low Noise Amplifier

\JVENDORVIEW

Quantic PMI Model
PLN-25-812-10-LCA
isan 8 to 12 GHz low
noise amplifier that
provides 25 dB of
gain while maintain-
ing a gain flatness of +1 dB. The amplifier
requires +12 to +15 VDC and the maxi-
mum current draw is 75 mA. The unit is
supplied with removable SMA female
connectors in Quantic PMI’s standard PE2
housing measuring 1.08 x 0.71 x 0.26 in.
COTS Availability!

Quantic PMI
www.quanticpmi.com

FOR MORE NEW PRODUCTS, VISIT WWW.MWJOURNAL.COM/BUYERSGUIDE
FEATURING (J)VENDORVIEW STOREFRONTS
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Ku-Band Power Amplifier (PA)
(D\/EN DORVIEW
saturated output

©ay
power and 35% PAE

across 17.7 to 20.2 GHz, making it ideal for
high performance satcom uplinks and
Ku-Band radar systems. With 5 W of linear
power at -25 dBc IMD3 and 26 dB gain, it
simplifies gain staging while maintaining
signal integrity. Housed ina 6 x 5 mm SMT
package, it supports SWaP-C goals for both

defense and commercial platforms.

Now available at
RFMW, Qorvo’s
QPA1722 GaN PA
delivers 10 W

RFMW
www.rfmw.com

MICRO-ADS

RF Amplifiers, Isolators and
Circulators from 20MHz to 40GHz

> Super low noise RF
amplifiers 27N

» Broadband low noise 28
amplifiers

> Input PIN diode protected low
noise amplifiers

» General purpose gain block
amplifiers

¥ High power RF amplifiers
and broadband power
amplifiers

L RS

» RF isolators and
circulators

» High power coaxial and
waveguide terminations

» High power coaxial
attenuators

> PIN diode power limiters

> Active up and down
converters

q Microwave Corp
138 W Pomona Ave, Monrovia, CA 91016
Phone: (626) 305-6666, Fax: (626) 602-3101
Email; sales@wenteq.com, Website: www wenteq.com

ELECTRO TECHNIK

echniques

HIGH-TEMP
RESISTORS & ATTENUATORS

Operates to 250 °C in harsh environments
Unique brazed construction & materials
Catalog or custom to your specs
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Broadband High Linear PA
Model ABP0100-10-
1729 is a single stage
E-PHEMT
technology-based
high linearity medium
power amplifier (PA)
module operating in the frequency range
from 100 to 1000 MHz. It offers 17 dB of
linear gain and +29 dBm minimum output
power at 1 dB gain compression point. The
output third order intercept point is about
+44 dBm. The unit can operate with a
single DC power supply and it has built-in
voltage regulator. The package size of the
amplifier is 1.2 x 1.0 x 0.4 in.

Wenteq
www.wentegq.com

Smart Frequency Synthesizer

Z-Communications,
Inc. released the
SSG4522A1X, a new
smart PLL frequency
synthesizer delivering
wideband tuning from
45 MHz to 22.6 GHz
with 0.1 Hz resolution
and +18 dBm RF output, providing the
precision and stability required in advanced
radar, satcom, defense, test instrumentation
and field signal generation systems. The
SSG4522ALX measures 4.25 x 2.25 x 0.5 in.,
allowing integration into both lab-grade and
portable architectures.

Z-Communications
www.zcomm.com

Compact 8 GHz UWB Patch
Antenna

Johanson Technol-
ogy’s P/N7987A-
T45A0200001E is an
8 GHz (Channel 9)
mini surface-mount
ceramic patch antenna designed for
directional UWB systems. It operates from
7887 to 8087 MHz, providing stable and
efficient performance for a wide range of
UWSB applications. Target applications
include keyless entry, angle-of-arrival,
ranging, radar and autonomous mobile
robots (AMR beacons) in both consumer
and industrial environments.
Johanson Technology
www.johansontechnology.com

Conical Horn Antenna
@VENDORVIEW

URF’s new 18 to 40
GHz dual polarized
quad-ridged conical
horn antenna is
engineered for RF

testing and measure-

ment applications. This high performance
wideband antenna delivers exceptional port
isolation (= 30 dB) and a low VSWR (<
2.2:1). Achieve 16 dBi typical gain and 20
dB minimum cross-polarization, making it
the ideal microwave component for
precision system integration. Now live in
stock at $4,500 each.
URF
www.urfinc.com

TEST & MEASUREMENT

2-Port 6.5 GHz VNA
VENDORVIEW

The SC5065 is a
2-port 6.5 GHz VNA
that features excellent
dynamic range, fast
measurement speed
and a high output power, in a compact pack-
age with the maximum standard software
feature set. VNAs and ACMs are delivered
with factory calibration certificates
containing no data. The add-on option for
1SO17025/7540-1 Accredited, Traceable
Calibration Certificate and Uncertainties is
available, specification needed when ordered.
Copper Mountain Technologies
www.coppermountaintech.com

Spectrum Analyzers
The HAROGIC PXR

Series is not only a
rugged spectrum
analyzer with IP68
standard design and
benchtop-grade RF
performance, but also an all-in-one AI
platform open platform that deeply
integrates the open API and cutting-edge Al
computing power of NVIDIA.

HAROGIC Technologies
www.harogic.com

Switch Matrix

Ikalogic launched the
CS8216, a high
performance 2x16
RF switch matrix
designed for
automated RF and microwave test environ-
ments. The CS8216 is the first product in
the new CS8000 modular RF switching
platform, enabling flexible routing, fast
switching and simplified multi-port test
setup configuration. Engineered for
demanding applications in 5G/6G research,
multi-port RF device characterization,
wireless module validation and production
test automation, the CS8216 offers excellent
RF performance combined with a modern

software-driven control interface.
IKALOGIC S.A.S
www.ikalogic.com
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Relativistic Field Theory

Reviewed by Katerina Galitskaya

Relativistic Field Theory for Microwave Engineers

Matthew A. Morgan

lectromagnetics and relativity are
Edeeply interconnected, yet this

connection is often overlooked
in engineering education. “Relativistic
Field Theory for Microwave Engineers”
by Matthew A. Morgan bridges this
gap, offering a fresh perspective on
electromagnetics through the lens of
special relativity. The book challenges
conventional thinking and provides an
accessible introduction to a topic that
has remained largely confined to theo-
retical physics.

The author starts with an engaging
reflection on his own journey, ques-
tioning why relativity is rarely applied
in practical engineering despite its
fundamental role in electromagnetics.
He methodically builds the case that
magnetic fields themselves are a rela-
tivistic effect, arising from the motion of
electric charges. This perspective is not
new, but the presentation’s aim toward
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POWER AMPLIFIERS

FREDERICK H. “FRITZ" RAAB
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RF and Microwave
Power Amplifiers

Author: Frederick H. “Fritz” Raab
ISBN 13: 978-1-68569-083-0
ePub: 978-1-68569-084-7
Publication Date: March 2025
Subject Area: Microwave
Binding / pp: Hardcover / 550pp
Price: $144 / £124

engineers rather than physicists makes
it particularly insightful.

The book takes readers through a
structured exploration of how relativis-
tic principles are naturally derived from
Maxwell's equations. Unlike traditional
approaches that leave relativity to high-
energy physics, Morgan argues that it is
already at play in everyday electromag-
netic phenomena.

One of the book’s notable choic-
es is the use of S| units instead of the
more traditional Gaussian-CGS system.
While some might find this unconven-
tional, the author makes a compelling
case that staying within the familiar SI
framework helps engineers grasp the
concepts more intuitively. An appendix
is provided for those who prefer Gauss-
ian notation, ensuring that the book re-
mains accessible to a broad audience.

Overall, this book is a must-read for
engineers seeking to deepen their un-

derstanding of electromagnetics be-
yond the standard view. It challenges
the reader to rethink fundamental con-
cepts and provides a refreshing new
perspective on a topic that deserves
more attention in applied engineering.
The book is a valuable read for both
experienced engineers and fresh gradu-
ates who want to broaden their under-
standing of the relativistic field theory.

ISEN : 9781685690670

Copyright: 2024

Pages: 352

To order this book, contact:
Artech House
us.artechouse.com

RF and Microwave Power Amplifiers is a comprehensive guide to
designing and understanding RF power amplifiers and systems, with
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effects, biasing, drive mismatches, switching, and design strategies for

handling Standing Wave Ratio (SWR).

Focuses on real-world applications, focusing on how efficiency
improvements contribute to higher output power, greater reliability,
reduced size and cost, and longer battery life for portable devices.

Combines foundational theory with practical insights, offering step-by-
step equations, final design formulas, and problems-solving techniques.

With background material, advanced discussions, and solutions

for self-study or classroom use, it is a guide to understanding and
designing efficient, reliable RF power amplifiers. It serves as an
indispensable resource for practicing engineers transitioning into RF
power, experienced RF designers in need of a reliable reference, and
students preparing for a career in one of the most in-demand areas of

the industry.
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Phase Stable Flex Cables

For Precision Measurement Applications

Mini-Circuits' new CBN-series of phase-stable flexible cables is ideal for a wide range
of precision applications from DC to 26.5 GHz, including test labs, high-speed data
systems and precision measurements. CBN-series models provide exceptional
phase and amplitude stability (x6°, £0.08 dB) in bend radii as small as 50 mm.

90 dB shielding effectiveness and 74% velocity of propagation ensure outstanding
transmission efficiency for outstanding measurement integrity and consistency.
These high-performance cables are available from stock in lengths from 1 to 5 ft.,

with custom lengths available on request.

Key Features

DCto 26.5 GHz

Ultra-flexible, 50 mm min. bend radius
Superior phase & amplitude stability
(x6.0°, +0.8 dB max. @ 26.6 GHz)

Low loss & high velocity of propagation
1 to 15 ft. lengths in stock

JMini-Circuits
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1 lann Microwave is celebrating 70 years of
1 providing precision microwave components to
the communications, security, radar, satellite,
standards and research industries. Flann was founded in
1956 by engineers Fleming and Mann, and was based in
Kingston-upon-Thames until moving 15 years later to its
current location in Bodmin, U.K. From this location, Flann
has grown into a trusted, recognizable brand across the
microwave industry.

Flann Microwave manufactures passive waveguide
components, subassemblies, calibration kits and instru-
mentation from 1 GHz to 1.1 THz. Flann has a robust
manufacturing site with capabilities for design, analysis,
machining, assembly, plating, electroforming and testing.
Key instruments include HFFS modeling software, heat
transfer analysis software, CNC mills, optical measure-
ment systems and VNAs up to 220 GHz. Flann is capable
of high volume production or custom-level production to
suit all customer needs.

Flann serves a number of markets, including satcom
and spaceflight, test and measurement, telecom, radar,
automotive, research and academia, security, mining and
aerospace and defense. Flann started serving the space
market with hi-rel, TVAC-compliant components over 10
years ago, and supplies major customers including JPL,
Airbus, RAL Space and more. Flann has components on
LEO, MEO and GEO satellites and continues to serve the
space industry through bespoke designs. Along with their
spaceflight products, Flann manufactures metrology-
grade calibration kits using their in-house micro-machining
and fabrication plant, and other waveguide manufacturers
utilize Flann metrology components to calibrate and verify

90

their own manufacturing processes. The Flann team has
been working with the IEEE Standards working group since
it was formed in 20086, and the interface drawing of the
standard was produced by Flann mechanical engineers. As
the telecom industry grows 5G, introduces 6G and begins
to think about 7G, Flann is staying ahead of customer
needs by introducing products into the THz frequency
range. Flann takes pride in its ability to anticipate industry
needs and provide custom and COTS products at critical
moments.

In addition to the commercial sector, Flann has served
the military market since its founding in 1956 and contin-
ues to do so with both components and full subassemblies.
Recently, a U.K. Defense Prime contractor required an
antenna for a very high-power directed energy application,
capable of bringing moving targets to a controlled stop
at a safe distance without collateral damage. Flann used
their in-house electromagnetic, physical and multi-physics
finite element analysis tools to model and design the
product, successfully built and tested. Flann serves the
military and defense markets through custom products
designed and tested for harsh environments.

Flann continues to build on its legacy products and
introduce new products to the market, including a new line
of variable attenuators and new 33 to 330 GHz switches
for load-pull systems and on-wafer testing for OEM sys-
tems, spaceflight and other critical applications. As the
RE microwave and mmWave industry forges ahead, Flann
Microwave will continue to make a big impact with leading
waveguide technologies.

Flann Microwave
https://flann.com/
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Editor’s Note: This is the first of a two-part article on advanced coaxial filter design. Part 1 discusses the design
and analysis of the filter building blocks, and Part 2, to be published next month, discusses their use in advanced
filter design.

Part 1 discusses the properties of filter building blocks containing strongly coupled posts that offer new pos-
sibilities for advanced coaxial (combline) filter designs. Equivalent circuits based on the individual resonances of
the posts cannot be used to reliably describe the behavior of these structures because of the strong coupling
between the posts. Instead, sets of electromagnetic (EM) resonances that satisfy the boundary conditions are
used. The resulting equivalent circuits are either fully transversal or contain locally transversal sub-circuits, de-
pending on the strength of the coupling between the cascaded blocks. The validity of similarity transformations
that result in topologies with unusually strong coupling coefficients is questionable, even though they yield the
correct frequency response. Such coupling matrices obscure the physics of the problem and fail to predict the
correct behavior of filtering structures. However, topologies that match the post layout can be used to optimize
a filter in connection with a full-wave solver or measurement.

In Part 2, examples of dual-post and triple-post units are used to illustrate the key findings. The basic knowl-
edge of the real functionality of these special resonator configurations allows their consideration in advanced fil-
ter implementations using well-established classical design methods, without limitation by the design approach.
This is demonstrated with an example of a second-order inline filter providing one transmission zero by using
a combination of single and transverse dual-post resonators. This fundamental understanding of the special
properties provides the prerequisite for a variety of novel filter solutions.

Properties of Building Blocks Comprising
Strongly Interacting Posts and Their
Consideration in Advanced Coaxial Filter
Designs: Part 1

Smain Amari
Royal Military College, Kingston, Canada

Mustafa Bakr
University of Oxford, Oxford, U.K., University of Leeds, Leeds, U.K.

Uwe Rosenberg
Mician Global Engineering GbR, Bremen, Germany

dvanced filter design
aims to realize tailored

ters.m TZs may also be realized with ~ the required coupling coefficients

filter functions that satisfy

rejection demands with
the lowest possible filter order while
accommodating low passband in-
sertion loss and reasonable imple-
mentation expense. Filtering func-
tions with transmission zeros (TZs)
whose frequency locations are cho-
sen to meet rejection requirements
are exploited. Cross (bypass) cou-
pling is the most used mechanism
to implement TZs in microwave fil-

MW]JOURNAL.COM m JANUARY 2026

extracted poles. Since such special
implementations are not relevant to
the introduction of the basic prop-
erties of close-post arrangements,
they are not further mentioned.
Placing a TZ at a given frequency
with respect to the passband often
imposes specific relations between
the coupling coefficients, espe-
cially their relative signs. Building
blocks are characterized by the
maximum number of TZs they can
generate and the relative signs of

for the generation of the TZs at the
corresponding locations.

Most filter designs consider
(combinations of) basic building
blocks for the implementation of
TZs, like doublets, triplets and
quadruplets, since they enable
the individual control of dedicated
TZs in an overall (higher-order) fil-
ter design (see Figure 1). For the
implementation of TZs, they rely
on combinations of couplings with
inductive (positive) and capacitive
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Singlet & A, B = NRN
Triplet > A, B=R

1 TZ Below Passband:
Ma1 - Mg - Mag <0

1 TZ Above Passband:
Ma1 - M1g - Mag >0

(a) (b)
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Doublet & A, B =NRN
Box-Section & A, B=R

1 TZ Above and Below Passband:
Ma1 - Maz - M1g - Mg < 0
(TZ Location Switchable
by Exchanging M17 and M)

Note: A and B are Resonating (R), Non-Resonating or Interface Nodes (NRN)

Quadruplet & A, B=NRN or R

2 TZ (Symmetrical):
Ma1 - M12 - Mg - Mag <0
(1 Above and 1 Below Passband)

(c)

Basic building blocks and prerequisites (coupling signs) for the realization of
TZs: singlet [A, B = NRN] or triplet [A, B = R] (a), doublet [A, B, = NRN] or box-section
[A, B = R] (b) and quadruplet [A, B = NRN or R] (c).

(negative) natures.

Classical coaxial filter designs
are based on sequentially arranged
/4 resonators (posts) within a hous-
ing. Note that the resonators may
be shorter than I/4 depending on
capacitive loading at the top (e.g.,
gap toward the top wall). The cou-
pling between adjacent resonators
is generally of an inductive nature
due to the dominant magnetic field
components at the bottom of the
housing, while there are also elec-
tric field components at the top
(open end) of the resonators. Thus,
a partial wall between adjacent
resonators may be used to control
dedicated couplings; i.e., a partial
wall at the top yields an increased
inductive coupling, where a partial
wall at the bottom suppresses the
dominant inductive coupling and
yields a weak capacitive coupling
between adjacent resonators.

For stronger capacitive cou-
pling, special probe designs are
usually considered that are sup-
ported in the separation wall be-
tween adjacent resonators.23 The
implementation of such coupling
designs is more elaborate and
sensitive, especially in the case of
strong couplings requiring small
distances between resonators and
probes. This may also degrade the
power handling capability of the
filter. Consequently, solutions that
avoid any probe couplings for the
implementation of needed nega-
tive couplings are preferred. This
can be done principally by using

94

transformation properties, such as
phase reversal, of certain resonator
implementations as introduced for
waveguide cavity filters.?

A building block, which con-
tains two strongly coupled identical
posts, was introduced by Bastioli et
al.> and Machiarella et al.¢ Only the
odd mode of the block was used
in the design of the passband; the
even mode resonated far away
from (below) the passband and
was considered spurious. The odd
mode nature of this configuration
was used to implement TZs below
and above the passband.

The same idea was used in a
triple-post building block.”-? This
configuration exhibits two close
resonances, which are used in the
passband; the third resonance that
is located far away (below) the
passband is considered spurious.
TZs below and above the passband
can be implemented as the results
show.

While closely placed posts for
filter applications were first report-
ed almost three decades ago by
Rosenberg et.al.,10 they have been
used in different and interesting
ways in recent literature.>? A com-
mon feature of the dual-post and
triple-post building blocks analyzed
in these references is the presence
of strong coupling between at least
two posts. Consequently, the num-
ber of passband resonances pro-
vided by each building block is one
less than the number of posts. This
observation suggests that associ-
ating a resonance with each post,

as is the case in some coupling
schemes, should be viewed with
suspicion.

A transversal network, which is
also known as the admittance rep-
resentation in the theory of linear
systems, and its narrow band limit,
which is commonly known as the
transversal coupling matrix, use the
eigen-resonances of the complete
structure with all the perturbations
present as a basis. Note that the
meaning of ‘narrow band’ is re-
lated to the validity in view of the
dedicated physical implementa-
tion and passband; there are also
special broadband resonator filter
designs relying on this representa-
tion, but it is only valid for the re-
alizable characteristics close to the
passband.

Although it provides a gen-
eral and universal representation
of coupled resonator filters, the
transversal coupling matrix is not
convenient for initial designs. In-
stead, similarity transformations
(rotations), which preserve the sym-
metry of the coupling matrix and its
frequency response, are then used
to generate new coupling schemes
with a topology that matches the
layout of the individual physical
and localized “resonators.”

Such transformations, which
are perfectly valid at the coupling
matrix level, are questionable for
real structures with strong cou-
plings between resonators whose
EM fields share the same volume,
mainly because of the violation of
the boundary conditions. It is im-
portant not to lose sight of the fact
that the actual filter is described by
vector quantities, the components
of the EM field, that obey a set of
coupled partial differential equa-
tions, Maxwell's equations, with
associated boundary conditions.
The coupling matrix represents
a system that obeys a set of cou-
pled first-order ordinary differential
equations with no knowledge of
the boundary conditions. The con-
cept of equivalence between the
two must be viewed with care and
suspicion, especially when strong
coupling coefficients are present.

The following section discusses
the concept of similarity transfor-
mations and the implications of
boundary conditions. This is fol-
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A Fig. 2 Dimensions (mm) of dual-
post configurations for analyses of basic
behavior: inline (a) and transverse (b).
The housing height = 22.86 mm and the
post height = 22.00 mm.

lowed by an analysis of dual-post
and triple-post resonators to un-
derstand their properties. The use
of these building blocks in filter de-
signs is then addressed in Part 2 of
this article.

Understanding of the charac-
teristics of close-post resonators
allows the application of classi-
cal, well-established filter design
methods without limitations, even
when combining different types of
resonators. This is demonstrated in
Part 2 of this article by way of an
example of a second-order inline
filter design providing one TZ by

using the combination of single
and transverse dual-post resona-
tors. The dimensions obtained by
a pre-design with a classical design
approach yield already accurate
performance results. In addition,
examples of novel building blocks
and third- and fourth-order filters
are also introduced to confirm
the results of the standard design
methods.

BOUNDARY CONDITIONS
AND SIMILARITY
TRANSFORMATIONS

Consider the structures shown in
Figure 2. They consist of two close-
ly placed posts inside a metallic en-
closure. Assume that the structures
are lossless and homogeneous.
The posts are identical with a gap
between their tops and the metallic
cover. The eigen-resonances of the
structures can be straightforwardly
determined by using a modern full-
wave solver.

The field distributions of the two
lowest eigen-resonances of the
transverse dual-post structure (see
Figure 2b) are shown in Figures 3
and 4 (EM calculations and design
analyses conducted with Mician
uWaveWizard™).11 The EM fields of
the resonances are not concentrat-
ed around either of the two posts.

These two resonances are not
coupled to each other as required
by the orthogonality of the solu-
tions of Maxwell's equations in a
given volume. Because of the sym-
metry of the structure, we denote
the even mode by ¢, (77) and the

TechnicalFeature

odd mode by ¢, (7). The quantity
®e o (T ) can be taken as a compo-
nent of the electric field, magnetic
field or a relevant modal EM quan-
tity depending on the coordinate
system. These two functions are
eigenfunctions of a linear opera-
tor, L, along with the associated
boundary conditions. If the eigen-
values are Ae = w2 and Ao = w3,
then Leeand Lgoare determined
by Equations 1a and 1b:

Loe = 0d¢e (1a)
L(Po = (Dg(Po (1b)

If the input and output ports
that couple to both resonances are
added to the structure, we get the
equivalent circuit shown in Figure
1b when the resonances ¢, (77 )
and ¢, (1) are used as a basis. It
is a doublet.

Now consider the question of
representing the circuit by using
localized “resonances” that are as-
sociated with each of the posts in-
dividually. The following two func-
tions are defined in Equations 2a
and 2b:

o1 = %(cpeupo) (2a)
@2=-j%(@e—@o) (2a)

When the structure is represent-
ed in the new basis (¢4,95), it results
in the coupling scheme shown in
Figure 5.

The transformation described by
Equations 2a and 2b is a similarity
transformation; in this case, it is ro-
tated by 45 degrees. The first im-
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A Fig. 3 EM field patterns of the dual-post fundamental
mode (resonant frequency = 2.095 GHz): zoom of E-fields (a)

and H-fields cut at half housing height (b).
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A Fig. 4 EM field patterns of the dual-post second mode
(resonant frequency = 2.781 GHz): zoom of E-fields (a) and

H-fields cut at half housing height (b).
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Dual-post coupling scheme

with ¢1 and ¢, in Equations (2a and b)
used as a basis.

portant point to address is whether
the quantities ¢4 and ¢, are eigen-
resonances. For this to be the case,
they must satisfy the eigen-prob-
lem in Equation 1, yielding Equa-
tions 3a and 3b:

__1 -
®1 = \/E(i:(Pe +£(Po)

1 (2 2
\/z((!)ecpe + (DO(PO) (33)

__1 ) -
$2 = \/i(L(Pe -L(PO)

%mé@e-m%@o) (3b)

To get more insight into this
transformation, the sum and differ-
ence in Equations 4a and 4b are

introduced:

S=wi+w? (4a)

D=w3-0j (4b)

Combining Equations 3 and 4
yields Equations 5a and 5b:

Lo =%<q>1 +%<pz) (5a)

L2 =%<<\02+%@1> (5b)

It is evident that these two func-
tions are not eigenfunctions unless
D/S = 0O, or equivalently, that the
two original modes are degener-
ate, i.e., w,=w,. However, if D/S,
which is nothing other than the
coupling coefficient between the
two posts, is small enough to be
neglected, the two functions are
approximately eigenfunctions, and
the eigenfunctions are approxi-
mately degenerate. This is the case
for narrow band coupled resonator
filters.
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When D/S is large, as in strongly
coupled resonators, the error in
treating ¢, and ¢, as eigenfunc-
tions (resonances) may be large
enough to render a coupling matrix
based on these non-physical local
resonances unreliable, especially
when these share the same vol-
ume because of the orthogonality
properties of solutions to Maxwell’s
equations.

The elements of the resulting
coupling matrix will not be inde-
pendent because of the boundary
conditions. Paths going through
such “resonances” are not allowed
to transport energy independent-
ly. Predictions based on coupling
schemes that use these localized
“resonances” are not always reli-
able.

An interesting by-product of
this analysis is the appearance of a
coupling coefficient. Indeed, Equa-
tions 5a and 5b show that the rela-
tive amplitudes of the functions ¢,
and ¢, are related by Equation 6:

D wg—w%
k=2 = Le 00 6
S (©)

An identical expression for the
coupling coefficient between two
resonators was given by Awai.l?
The advantage of the derivation
in this article is its generality since
it applies to any two-state system
that is linear and invariant under
time reversal, so that the eigenval-
ues are the squares of the angular
frequencies.

When the “resonators” share
the same volume, it is important
to use those solutions that satisfy
the boundary conditions in predict-
ing the behavior of the filter, espe-
cially when strong inter-resonator
coupling is present, as in the case
of strongly coupled dual and triple
posts. These are the only separate
paths that the energy can follow be-
tween the input and the output and
contain all the relevant physics of
the problem, assuming that all other
resonances are far enough from the
frequency range of interest.

Certain properties of the filter
that are determined by the signals
following these different paths are
obscured by similarity transfor-
mations. For example, it is known
that the TZ of a doublet, or a box-

section, can be shifted from one
side of the passband to the other
by changing the signs of the di-
agonal elements of the coupling
matrix.13 Although similarity trans-
formations preserve the response
of the filter, they do not preserve
the TZ-shifting property. Instead,
similarity transformations result in
coupling schemes that obscure this
important feature that is exploited
in moving the TZ from one side of
the passband to the other.

At this point, one might wonder
why the coupling matrix whose to-
pology matches the layout of the
localized “resonators” is used suc-
cessfully in designing these filters
even when strong inter-resonator
coupling is present.”? Here, it is
important to understand that this
is the case only for optimization-
based design methods that rely on
the frequency response of the filter
(or dedicated subsection) that is
obtained from a full-wave solver.

The full-wave simulator guaran-
tees that the boundary conditions
are all satisfied. As long as the
structure is capable of implement-
ing a response in the range of the
coupling matrix whose elements
are assumed reliably extracted
from the full-wave solution, the
process should be successful. How-
ever, yielding the desired response
does not mean that the coupling
matrix represents the local physics
of the problem accurately.

All matrices that are related by
similarity transformations yield the
same response, but this does not
mean they represent the local phys-
ics of the problem equally well. The
coupling matrix that is based on
localized resonators is 'helped’ by
the fact that not all coupling coef-
ficients are strong, meaning that
parts of filters are adequately rep-
resented by localized resonances.

However, this coupling matrix
cannot correctly represent the
physics of individual sections that
contain strong couplings, such as
dual-post and triple-post units.
Consequently, the classic design
technique that is based on isolated
pairs of localized resonators, which
provides a more rigorous test of the
localized resonator concept, will
fail in the case of strong coupling
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coefficients between “resonators.”
This failure, which is familiar to fil-
ter designers, was also reported by
Macchiarella et al.

The important conclusions of
this analysis are the following:

a) The physics of the structure
is accurately represented by those
resonances that satisfy all the
boundary conditions.

b) Similarity transformations do
not define new valid local “reso-
nances” because of the violation of
the boundary conditions when they
result in strong inter-resonator cou-
pling. Coupling matrices with such
strong coupling coefficients do not
correctly describe the characteris-
tics of those sections of the filter
that contain resonators that share
the same volume, although they
produce the correct overall fre-
quency response (by construction).

c) Similarity transformations de-
fine approximate resonances which
are valid representations for filters
with narrow bandwidths or weak
inter-resonator coupling, where the
resonances that satisfy the bound-
ary conditions are approximately
degenerate.

d) The frequency response of the
filter as obtained from a full-wave
solver or measurement can be
used in connection with a coupling
matrix whose topology matches
the layout of the localized “reso-
nators” to optimize the filter even
when strong coupling coefficients
are present. The classic design ap-
proach that is based on pairs of lo-
calized “resonators” will fail when
strong inter-resonator coupling co-
efficients are present.®

These ideas are next applied to
cases of strongly coupled dual and
triple posts.

Transversal Dual-Post Unit

A top view of the analyzed struc-
ture is shown in Figure 2b. Assume
that the coupling between the unit
and the input and output is weak
enough for the modal field dis-
tributions not to be significantly
affected. This is the case for nar-
row-bandwidth filters. With this
assumption, the coupling scheme
is a classic doublet (see Figure 1b)
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where the even and odd resonanc-
es of the dual-post units are taken
as Resonances 1 and 2. We use the
odd resonance in the passband
and call the even out-of-band reso-
nance, Resonance 2, spurious. The
other choice is naturally possible.

A straightforward analysis of
the coupling scheme in Figure 1b
shows that a TZ appears at the nor-
malized frequency expressed in
Equation 7:

M1 +pMz2
Wz = - T+p 1
_ Ms1iM1L
P = MaMaL (7)

Introducing the normalized res-
onant frequencies of the even and
odd modes, wyg = -Myq and o, =
w, = -My,, Equation 7 can be re-
written in the form shown in Equa-
tion 8:

_ Wod + p(!)sp
Wz = 'ﬁ'
_ MaMiL
P = MaMaL (8)

From this equation, the distanc-
es from the TZ to the two resonanc-
es are determined by Equations
9a, 9b and 9c:

Wz - (!)sp = ﬁ(ﬂ)od + (Dsp) (ga)

Wz-Wod = o]’ITP((DOd + (Dsp) (9b)

|(,l)z-(1)od|=|p| (9(:)

|02 - wep]

From these equations, assum-
ing that the odd mode resonates
above the even mode, i.e., w4
-wg, > 0, we establish the following
results:

1. O0<p<1.The TZis located be-
tween the two resonances and
is closer to the odd resonance
than the spurious even reso-
nance.

2. p=1.The TZ is located at the
average of the two resonances.

3. p > 1. The TZ is located be-
tween the two resonances and
is closer to the spurious even
resonance.

4. 0> p > -1. The TZ is located
above the two resonances.

5. p=-1.The TZis located at infin-
ity. This is an all-pole response.

TechnicalFeature

6. p<-1.The TZ is located below
the two resonances.

From the field distributions of
the two modes of the dual-post unit
(see Figures 3 and 4, respectively),
note that the coupling to the odd
mode is weaker than the coupling
to the even mode. In fact, the odd
mode is not excited at all when the
input and output ports are placed
at the horizontal symmetry plane
between the two posts (see Figure
2b). This gives the freedom needed
to adjust the parameter, p, in Equa-
tion 7. More specifically, there are
two cases:

1. Input and output ports on
the same side of the symmetry
plane of the dual-post unit. The
coupling coefficients are such that
0 < p < 1. The TZ is between the
odd and the even resonances but
is closer to the odd resonance, i.e.,
below the passband. Its distance to
the passband is reduced by mov-
ing the input and output ports
closer to the symmetry plane of the
dual-post unit.

2. Input and output ports on
opposite sides of the symmetry
plane of the dual-post unit. The
coupling coefficients are such that
-1 <p < 0. The TZ is located above
the passband. Its distance to the
passband is reduced by moving
the input and output ports closer
to the symmetry plane of the dual-
post unit.

In both cases, the TZ can be
placed arbitrarily close to the pass-
band regardless of the value of the
resonant frequency of the spurious
even mode.

Inline Dual-Post Unit

The coupling scheme of the du-
al-post configuration with a 90-de-
gree alignment (see Figure 2a) is
still a doublet. In this case, the in-
put and output form an inline con-
figuration with the two posts of the
unit. The EM field distribution of
the resonances is similar to that of
Figures 3 and 4 but rotated by 90
degrees. Consequently, the field
distributions of the two resonanc-
es at the outer sides of the posts
along a line joining the two posts
are very similar except for a phase
reversal for the odd mode.

This means that the coupling co-
efficients to the two modes, mainly
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A Fig. 6 Dimensions (mm) of triangular
post configuration for eigenmode
analyses (footprint and housing height
according to Bastioli et al.,” Figure 12).

through the evanescent TE;; mode
in the uniform waveguide section,
are approximately equal, but with
one of them negative. This corre-
sponds to p = -1. As a result, this
configuration generates a TZ that
is far away from the passband or
even at infinity. Note that a TZ
might be generated if the higher-

order modes carry enough energy
around the resonant frequency of
the odd mode.

PROPERTIES OF A TRIPLE-POST
UNIT

Consider a unit formed by a pair
of strongly coupled posts and an
additional post that is not necessar-
ily as strongly coupled to the pair.
The structure generates three reso-
nances, two that are close to each
other, which contribute two reso-
nances in the passband; the third
one is far away from the passband
and is called spurious. The pair of
posts is placed in the longitudinal
direction (see Figure 6).

First, the EM field distributions
of the three resonances are deter-
mined (see Figures 7 through 9).
These resonances are orthogonal
to one another (not coupled). It is
obvious that none of these reso-
nances are localized around any of
the posts, although the EM fields

of the third one
are approximately
concentrated near

the individual post.
Consequently, a
good model of
the structure is

the transversal
coupling scheme
shown in Figure

10. Assume that

the spurious reso-
nance, taken as
Resonance 3 (see
Figure 7), is far be-

A Fig. 7 EM field patterns of the fundamental mode - all
three posts (resonant frequency: 2.057 GHz): zoom of E-fields
(a) and H-fields cut at half housing height (b).

low the passband.
From the field
distributions, there

are two even modes and one odd
mode. The symmetry is with re-
spect to the axis going through
the individual post and the sym-
metry plane of the dual-post unit.
This means that one coupling coef-
ficient to the odd mode (either to
the input or the output) can be as-
sumed negative, with the remain-
ing ones all positive.

This unit generates up to two
TZs at finite frequencies. To gener-
ate only one TZ, constraints must
be imposed on its coupling coef-
ficients. The generated TZ location
is determined by Equations 10a,
10b and 10c:
W1+ pw?2 1

1+p + 8( Wsp >'
|0)5p| >1

with

Wz = (10a)

p= % w1 =-M11,w2 =

-M22, wsp = -M33 (10b)

and
M51M1L+ M52M2|_+
MszM3zL =0 (10¢)

Equation 10c is the constraint
needed to generate only one TZ
at a finite frequency. The notation
in Equation 10a is used to indicate
that the effect of the spurious reso-
nance on the location of the TZ de-
creases at least as the reciprocal of
Osp .

The important point to note
from this equation is that the posi-
tion of the TZ is mainly determined
by the two resonances that con-
tribute to the passband. In other
words, the position of the TZ is not
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A Fig. 8 EM field patterns of second (odd) resonant mode
dedicated to both inline stubs (resonant frequency: 2.663 GHz):
zoom of E-fields (a) and H-fields cut at half housing height (b).
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A Fig. 9 Fig. 9 EM field patterns of third (even) resonant
mode dedicated to all three stubs (resonant frequency: 2.706
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Transversal coupling scheme
of triple-post configuration.

very sensitive to the location of the
spurious resonances if it is not too
close to the passband. This is con-
trary to the transverse dual-post
unit, where the location of the TZ is
directly related to the frequency of
the spurious resonance, as shown
by Equation 8.

The parameter, p, in Equation
10b is negative because one of
the coupling coefficients is nega-
tive. This means that the TZ is lo-
cated either below the passband or
above, depending on the relative
strengths of the coupling to the
two resonances.

From Equation 10a, note that
the position of the TZ can be shift-
ed from one side of the passband
to the other by simply changing the
signs of w; and w,. This TZ-shifting
property is not exact since it affects
the shape of the response, but it
becomes more accurate as the spu-
rious resonance moves away from
the passband. The position of the
TZ is indeed moved to the other
side of the passband under this
transformation, as shown on actual
designs in Part 2 of this article.

The even (spurious) mode of
the transverse dual-post unit is, in
principle, necessary for the genera-
tion of the TZ. For the triple-post
unit, the dominant even (spurious)
mode is not necessary for the de-
sign of the filter. It is the price one
pays for generating the odd mode
with the required phase reversal
by using this structure. It is best to
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Triple-post represented by
localized "resonances.”

place it as far away from the pass-
band as possible, while consider-
ing other resonator design aspects
like unloaded Q. Although its ef-
fect on the passband may not be
significant, it is important to have a
way of taking it into account.

One approach would be to
use a model that is based on the
non-physical resonances localized
around each post by viewing the
filter as a dual-band filter.”-? The
triple-post unit is then represented
by a triplet with unrealistic coupling
coefficients (see Figure 2 in Zeng
et al.%). Although the correspond-
ing coupling matrix can be used to
optimize the filter from a full-wave
analysis, it obscures the physics of
the problem. It does not correctly
represent the behavior of the sec-
tions with strong coupling.

The elements of the coupling
matrix corresponding to the topol-
ogy in Figure 11 are no longer in-
dependent because of the bound-
ary conditions. Several elements are
affected by the same quantity, for
example, the location of a TZ gener-
ated by the triple-post unit as given

by Zeng et al.” in Equation 11:
M1M
©z =", - B2 (1)

An examination of the results
given by Zeng et al.? in their Fig-
ure 2 shows that B, changes from
21214 to 1.2912 when the nor-
malized location of the spurious
resonance changes from -11.69 to
-3.09. At the same time, Figure 4
in the same reference shows that
the location of the TZ has barely
moved. Note that o, in Equations
10a through c is not exactly equal
to the spurious resonance of the
fourth-order filter in this example,
but the difference between the two
is not sizable.

- @

| Mz3

M4

O— @0

Alternative coupling scheme
of a triple-post unit (after Zeng et al.%).

An examination of Equation 11
shows that this is possible only if
the coupling coefficients and B, all
depend on the spurious resonance.
Unfortunately, the nature of this de-
pendence is completely lost after
the series of similarity transforma-
tions. On the other hand, Equation
10a clearly shows that the location
of the TZ is indeed not sensitive to
the frequency of the spurious reso-
nance when it is sufficiently far from
the passband.

Another proposed coupling
scheme for the triple-post unit is
shown in Figure 12 (also shown as
part of Zeng et al.? in their Figure
7). A straightforward analysis of this
circuit shows that when only one
transmission zero is generated,
then its TZ is given by Equations
12a and 12b:

® =—|\/|33+M753 (12a)
z M2z - M14

MstMiL+ Ms2Ma2L =0 (12b)
Here, Resonator 1 is the odd

resonance of the dual-post unit,
Resonator 2 is the even mode and
Resonator 3 is the single post. This
model predicts that the TZ is com-
pletely determined by the single
post (M33) when the spurious reso-
nance, -My,, is far away from the
passband. In the same limit, the
structure produces only one return
loss pole, instead of the desired
two, because of a zero-pole cancel-
lation. Naturally, this result cannot
be correct since the location of the
TZ depends on the in-band eigen-
resonances, as given by Equation
10a in this limit. This is another
manifestation of using “resonanc-
es” that do not satisfy the bound-
ary conditions, despite the fact
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that the corresponding coupling
schemes are admittedly intuitive.
Energy cannot flow through any-
thing other than solutions to Max-
well's equations that satisfy the
boundary conditions.

From a practical point of view,
arguably the strongest reason for
not including the spurious reso-
nance in the model, especially for
design purposes, is the impossibil-
ity of controlling it. Unfortunately,
this is not the case. If we were able
to control it, we would simply not
couple to it and eliminate it.

The spurious resonance plays a
marginal role in the passband and
only a small role in determining the
location of the TZ of a triple-post
unit. It should not be treated on par
with the resonances that directly
determine the passband perfor-
mance of the filter. In this work, we
adjust the elements of the model
that are based on the physical reso-
nances that contribute to the pass-
band to compensate for the effect
of the spurious resonances on the
passband and its vicinity. This ap-
proach has been used successfully
for decades in waveguide technol-

ogy.

The investigations of building
blocks with strongly coupled posts
have shown that the individual
posts are not pivotal to the design
of filters containing these struc-
tures. Because of the strong cou-
pling between posts that share the
same volume, resonances local-
ized around the post are not physi-
cal. Instead, the resonances of the
complete block and their proper-
ties must be examined to identify
those features that are relevant to
the design of filters that contain
one or more of such structures.

Similarity transformations yield
coupling matrices that conserve
the frequency response of the en-
tire filter but not necessarily the
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dominant “internal” physics of
these structures because of the
strong coupling and the bound-
ary conditions. Nevertheless, cou-
pling matrices based on localized
resonances can be and have been
successfully used to optimize the
filter in connection with the full-
wave response of the entire filter
or subsections that consider these
structures with adjacent single-post
resonators.

However, classic design meth-
ods based on pairs of resonators
will most likely fail when applied
to such coupling matrices. Using
resonances that satisfy the bound-
ary conditions and contribute to
the passband is essential to under-
standing how these structures work
and how to use them in interesting
and innovative designs. These fil-
ters can be designed by following
well-established methods if they
are based on an equivalent circuit
(coupling matrix) that contains only
those physical resonances that con-
tribute to the passband.

Knowledge of the real function-
ality is a prerequisite for the system-
atic application of standard design
methods for a convenient geomet-
rical pre-design of the desired filter
configuration, considering also dif-
ferent kinds of resonators without
general design limitations.

In Part 2 of this article, the usual
basic considerations for the pre-
design of a second-order filter
with one TZ are introduced for an
implementation using dual- and
single-post resonators. The analy-
sis results of the initial configura-
tion, obtained by the application
of this classical design approach,
provide almost the desired filter
characteristic response without any
EM-optimization/tuning. The ef-
fect of spurious resonance is then
addressed by a final adjustment of
the filter dimensions in connection
with the equivalent circuit and a
field solver. ®
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