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Optimizing D-Band Amplifiers:
Diving Into RF Measurement

Challenges

A. Engelmann®, B. Derat™, M. Lorner*™ and M. Dietz™
“Institute for Smart Electronics and Systems (LITES), Friedrich-Alexander-Universitét, Erlangen, Germany

"“Rohde & Schwarz, Munich, Germany

“*Fraunhofer Institute, Electronic Microsystems and Solid-State Technology (EMFT), Munich, Germany

F characterization up to D-
Band (110 to 170 GHz) is
increasingly necessary with
the current drive toward
6G wireless communications, high
speed digital links and advanced
sensing technologies. Considering
the sensing use case and the design
and optimization of a D-Band power
amplifier (PA), this article investigates
the measurement challenges accom-
panying leading-edge RF technol-
ogy development. The importance
of measuring amplifiers with actual
load conditions in an on-wafer test
environment will be illustrated.

In 1950, Rohde & Schwarz
achieved a remarkable milestone:
creating the first vector network an-
alyzer (VNA). This instrument char-
acterized single-port S-parameters
to 300 MHz, a breakthrough in RF
measurements. Seventy-five years
of technological development later,
RF design and testing have evolved
to where mmWave characterization
is the new normal. A single mea-
surement setup captures more than
S-parameters and provides a com-
plete performance overview of the
device under test (DUT) after one
calibration and connection.

18

Single-touchdown is of the ut-
most relevance to IC design where
costly and fragile die are measured
with delicate probing systems. RF
components and modules, typically
made for matching 50 Q conditions,
are now used in complex, non-
ideal environments. It is a common
requirement for semiconductor
foundries to provide 50 Q reference
specifications and accurate models
to enable system integrators and IC
designers to achieve the best sys-
tem performance.

This article discusses challenges
in large-signal characterization of
D-Band PAs using a sub-THz load-
tuning measurement setup.

Large channel bandwidths in D-
Band create new possibilities for
high-resolution imaging, radar and
high data-rate communication sys-
tems. PAs are a key building block
in these applications and are used
before transmit chain antennas or as
a driver stage for a frequency multi-
plier or mixer. Advanced silicon-on-
insulator (SOI) CMOS technologies
achieving an f7 and f,,, of 350
GHz and 370 GHz, respectively,
are suitable for low-power, high ef-
ficiency mmWave circuits. Despite

the high performance of mmWave
transistors, achieving high output
power at D-Band frequencies is still
challenging. The short gate length,
which results in low operational and
breakdown voltages, is a critical
output power limiting factor.

Using transistors with longer gate
widths and higher current swings
can increase output power. Howev-
er, this creates a significant gain re-
duction at high frequencies, caused
mainly by increased parasitic gate-
drain and gate-source capacitance.
Enlarging the transistor gate width
also decreases the optimum output
impedance. The transformation ra-
tio to 50 Q) becomes larger and may
lead to lossier matching networks.
Power-combining is a common ap-
proach to increase output power.

However, this requires additional
complex dividers and combining
structures, increasing loss, DC power
and chip area.!2 SOI technology en-
ables transistor stacking to increase
the maximum voltage swing, which
has already been successfully dem-
onstrated at lower frequencies.3
Nevertheless, this amplifier topol-
ogy requires an increased nominal
supply voltage, which can require
special care and have disadvantages
for integration into larger systems.

Two implementations of com-

MWJOURNAL.COM ®m MARCH 2025
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PMCW transmitter block
diagram (a) and transmitter chip
micrograph (b).
pact, energy-saving and high ef-
ficiency D-Band PAs have been
proposed.4 These PAs operate
at 0.8 V supply voltage on 22
nm fully-depleted SOI (FD-SOI)
technology. The PAs are part of a
gesture/motion recognition in a
phase-modulated continuous wave
(PMCW) radar transceiver system.
This emerging application allows
new man-machine interfaces and
supports non-invasive vital sign as-
sessment. The radar architecture
was introduced by F. Probst et al.>
Figure 1 shows the Tx architecture
and a micrograph of the chip and
the relevant building blocks. Two
broadband transmit antennas and
the Tx chip are integrated into an
embedded wafer-level ball grid ar-
ray (eWLB) package.

The antenna/Tx interconnection
has significant losses at D-Band fre-
quencies. Chip placement and sub-
sequent processing of the antenna
redistribution layers are highly de-
pendent on process tolerances,
creating modeling and intercon-
nection challenges. The PA design
ensures sufficient output power to
the antennas, even when manufac-
turing tolerances change antenna
input impedances. Load sensitivity
simulations and measurements are
necessary to evaluate this essential
capability of the PA.

The amplifier stages employ a

20

alternated polarity
metal-oxide-metal
(APMOM)  capaci-
| tors. The back-gate

| bias voltage feeds
two resistors, Rpg
and aids operation

point tuning.
Each PA has three

(a)

drivers for sufficient

gain and one high-
power output stage.
"4 "4 Figure 3 shows a

12

simplified block dia-

gram of the two PAs.
Tuning the driver
gain to slightly dif-

ferent  frequencies
enhances amplifier

bandwidth,  while
load-pull simulations

Grmax (dB)
o~

optimize the output-
matching network to
maximize the avail-

4

able output power.

K-Factor h
L~ pFactor | Each stage uses
Inv. p-Factor super-low  thresh-
— Gmax old voltage (SLVT)
0, 2'5 5'0 7'5 10'0 12'5 150 n-MOS  transistors
: : ' ' : : with double gate-
(b) Neutralization Capacitance (fF) pitCh double-sided

Pseudo-differential topology (a) and 140 GHz

performance (b).

pseudo-differential topology. Fig-
ure 2 shows the differential com-
mon-source transistor pair schemat-
ic with cross-coupled neutralization
capacitors (C\). These capacitors
boost gain and increase differen-
tial mode stability by compensating
for the parasitic gate-drain capaci-
tance CN overcompensates
C gdv resu?tmg in a three to four dB
gam increase instead of maximiz-
ing stability. Figure 2 shows the Cy
influence on the maximum avail-
able gain (G,,,), K and p stability
factors at 140 GHz. To limit com-
pensation network losses, Cy are

gate connection
and minimum chan-
nel length of 20 nm.
Two parallel, 600 nm finger-width tran-
sistors are used as driver stages to ac-
count for the gate resistance/parasitic
finger capacitance trade-off. Three
parallel 800 nm finger-width transis-
tors comprise the output stages. Out-
put PA stages are biased for class AB
operation for better efficiency, while
the drivers are biased in class A for
high gain. Two mmWave implementa-
tion methods were investigated for the
input, output and interstage matching
networks. The first uses stacked trans-
former-based (TB) matching, while
the second uses T-line-based (LB) net-
works.

W =2x12pm

W=2x16pm  W=3x16pm

=)

i
- HH

Marchand-
Balun

Marchand-
Balun

TB-PA (top) and LB-PA (bottom).
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Input- and output-matching
networks of the TB-PA (a) and LB-PA (b).

Figure 4 shows 3D views of the
TB-PA and LB-PA output stages.
The TB-PA benefits from the trans-
former’s compact device size and
the ease of routing the DC feed
over the center tabs. Short T-lines
between the input transformer and
the first PA stage provide more ef-
ficient impedance matching. For
measurement purposes, input and
output transformers are baluns. The
main drawback of this design is the
increased effort to generate accu-
rate circuit models encompassing
all relevant D-Band parasitic effects.

The LB-PA implementation ben-
efits from less complex T-line device
modeling and more straightforward
modular design flows. Taking ad-
vantage of the differential circuit's

symmetry and the
85 | two available thick
copper layers, the
80 | shorted T-line stubs
can be rolled up,
75 | as shown in Figure
4. This layout re-
170 | sults in a compact
design and the LB
matching network
dimensions are
comparable to the
TB realization. The

6.5

6.0

>0 symmetry  points
50 | provide good DC
bias and supply

45 | voltage feed con-
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stages to separate gate bias and
supply voltage feeds, resulting in
additional matching network losses.
Another drawback is the necessity
of auxiliary components for single-
ended-to-differential conversion re-
quired for on-wafer measurements.
This requires broadband Marchand
baluns at the LB-PA input and out-
put, resulting in extra chip area and
increasing fabrication cost.

Load-pull simulations determine
the optimal PA matching impedance.
Figure 5 shows the 140 GHz load-
pull simulation results for the TB-PA
output stage. The maximum achiev-
able output power of the stage at the
optimal load point, Zopt, is 8.7 dBm.
The output impedance, Z,,, of the
PA stage and the input impedance of
the matching balun, Z,,,, are displayed
over frequency with a 140 GHz mark-
er. The matching balun brings the 50
Q load close to the optimum load
point but introduces approximately
1.8 dB loss, reducing the maximum
achievable output power.

Figure 6 shows the chip micro-
graphs. The total areas, including
pads and baluns, are 0.326 mm?
(TB) and 0.34 mm? (LB).

The core instrument for RF PA vali-
dation is often a VNA. This one-box
instrument offers many measurement
capabilities that are needed to char
acterize and optimize a PA. The base-

MILLIMETER
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line S-parameters enable the deriva-  ciency. Here, traditional small-signal  ers. External converters placed near

tion of device parameters like gain, =~ S-parameters are not valid. How-  the DUT minimize losses.

gain compression, amplitude and  ever, a VNA can still determine the

phase distortion. Pulsed S-parame-  corresponding wave quantities, as

ters, harmonic measurements, noise shown in Figure 7. Different impedances are pre-

figure and intermodulation points are External frequency converters  sented to the DUT input/output for

additional KPIs that come from an  commonly extend VNA measure-  comprehensive device character-

enhanced VNA with an extended fea- ~ ments into sub-THz frequency rang-  ization and optimization. This repli-

ture set. If the DUT is not adequately ~ es, reaching 1.1 THz and beyond.  cates the effect of dispersive loads,

cooled, pulsed S-parameter mea-  The VNA controls the converters  as an antenna might create. It also

surements may avoid overheating. and the VNA user interface shows  unveils the DUT optimization poten-
PAs are often used beyond their  the target frequencies. Figure 8  tial and the matching circuitry that

linear range to enhance power effi- ~ shows a VNA with external convert-  optimizes gain, efficiency and other

KPls. This is important since devices
behave differently under various

impedances. The unpredictable be-
havior across different conditions
requires extensive measurements to
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create and optimize accurate simu-
lation models. By controlling inde-
pendent parameters, the load-pull
procedure allows DUT performance
mapping under different impedanc-
es. The optimal performance condi-
tion can be established by plotting

the DUT performance.

A common approach for creat-
ing different impedances is passive
load-pull, which uses mechanical
tuners to create a varying load. This
approach is scalable in frequency
and applicable up to 330 GHz. Fig-

R&S®ZNA Vector Network Analyzer

Power Supply
Unit

cooo
ooo
0000

DUT

Preamplifier Bias Source

= =
Low Loss Low Loss
Coupler Coupler

Load

Tee  Impedance Tuner Impedance Tuner =
Typical passive load-pull setup.
Cable Adding
Electrical
Lipnite Delay
Tuning Ra / L
DuUT Tuner Reference
Reference
ﬁ &
Goo 3 Ggo
Tuning Ra o TuningRa
ouT] : 5
=
Tuner Reference Tuner Reference

Conventional tuner structure versus Focus Delta tuner with direct RF probe

connection.

DIMINISHING SOURCES
OF SUPPLY (DMSSS)
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ure 9 displays a passive load-pull
system block diagram.

Impedance tuners generate a re-
flection factor that can be controlled
over a defined frequency range us-
ing the mechanical movement of
complex loads within the tuner. In
passive load tuning, the returning
signal, a,, is always smaller than
the transmitted signal, b,, because
of transmission losses and tuner re-
flection. Therefore, the magnitude
of the reflection coefficient, I', is al-
ways < 1 and the impedance point
resides inside the Smith chart. The
outer range of the Smith chart is not
reachable in a pure passive load-
pull system. Reducing loss in the
tuner and transmission line between
the DUT and the tuner enables a
larger accessible Smith chart range,
as shown in Figure 10.

Adding frequency converters to
D-Band frequencies adds complex-
ity to the setup. To optimize the dy-
namic range for the receive channels
of the forward and reverse waves, a
and b, the tuner separates these sig-
nals on the input and output sides
of the DUT. Specific down-converter
receivers, shown in Figure 11, mea-
sure the independent signals.

Measuring the a and b waves al-
lows the vector load-pull to calcu-
late the real-time tuner impedances
presented to the DUT. A standard
converter on the DUT's input side
provides the test signal. Figure 12
shows the RF and IF signal flow,
along with the measurement and
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R&S ZRX170L mmWave mini
receiver modules.

calibration components. A second
converter and power sensor are
added for calibration.

The setup uses a probe station to
contact the DUT shown in Figure 6.
The challenge is to combine DC and
RF probing efficiently. Precaution
was taken to have similar landing
pads between the two PA variants.
Pads often have a combination of
DC, digital and RF channels. Based
on the layout, one probe needs to
support the different channel func-
tions. The MPI TITAN™ Multi-Con-
tact Probe, which supports mixed-
signal characterization requirements,
shown in Figure 13, handles high-
density probing needs, covering
pitches down to 50 pm.

As discussed, precise probe po-
sitioning is essential to minimize
loss between the tuner and DUT.
Direct probe connection to the tun-
er eliminates additional transitions.
A waveguide transition is typical in
this frequency range to minimize
loss while providing a stable con-
nection without phase drift. This
transition between the tuner and
the mmWave receiver modules or
the mmWave converter requires
precise positioning. The probe sta-
tion must support this to enable
room for additional amplification
blocks or isolators. To address me-
chanical constraints for this com-
plex setup, MPI Corporation de-
veloped a four-axis positioner to
support the D-Band tuner plus the
measurement system components.
The RF connections are on op-
posite sides of this configuration,
while the DC/mixed-signal probes
occupy the other opposite sides.
MPI's large-area MP4X positioners
provide support for the rigid wave-

28
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Frequency-converted load-pull system.

On-wafer characterization

system.

guide setup, ensuring mechanical
stability and minimizing phase drift
during D-Band measurements for
repeatable and accurate testing.
Figure 14 shows the test system.
The screen offers an enlarged view
of the DUT from the installed mi-
croscope. Figure 15 shows a close-
up of the DUT, probes, blue tuners,
mmWave receivers and the con-
verters on the sides.

System calibration is important
for VNA measurements. There are
two steps:

system.
_20 "’\%\)Q&
= -
el N
o e
el
20
C
2 s
= i P
_20 1 1 1 1 1 1 1 1 1 -E-SZZ
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Frequency (GHz)
(a)
= 20
EC
o I ©
3 o
c
)
s
-20 . -
R aal . L
110 120 130 140 150 160 170
(b) Frequency (GHz)

Simulated (dashed) and
measured (solid) S-parameters without
load pull: TB-PA (a) and LB-PA (b).

e Calibrate the on-wafer system
with the VNA and its converters
using MPI calibration solutions
and the accompanying software,
including test coupons as calibra-
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tion standards
* Calibrate the system load-pull tuners with the Focus

Microwaves software.

Once calibration is complete, the Focus Micro-
waves software acts as the system software. It controls
the applied impedance using the tuners and the R&S
ZNA to perform the RF measurements for device char-
acterization. The MPI prober ensures stable test condi-
tions in positioning: a cold plate and a controlled, in-
tegrated airflow within the probe station cool the DUT.

Engelmann et al.# reported validation results for two
PAs without load-pull. Figure 16 shows this compari-
son and S-parameters for TB-PA and LB-PA (including
balun and pad losses). Peak small-signal gains of 24.2
and 23.4 dB with 3 dB bandwidths of 23 and 26.2 GHz
around the center frequencies of 135.3 and 135.8 GHz

* Terminations

* RF Adapters
« DC Blocks

* RF Tuners

e DC to 50 GH=z

* Custom Solutions

Broadband RF &
| Microwave Solutions

* Variable Attenuators

« Power Dividers/Splitters

* 1 Watt to 2000 Watts

were achieved for TB-PA and LB-PA. Both PAs have
reverse isolation, S12, < -37 dB over the D-Band fre-
quency range.

Figure 17 shows large-signal measurements with-
out load-pull. It shows more significant deviations in
saturated output and PAE, particularly for the TB-PA
architecture. The PA saturation region deviation is
hard to explain when analyzing only small-signal S-
parameters since large-signal effects cannot be con-
sidered accurately.

As expected, the LB-PA is relatively insensitive to the
load impedance, thanks to its output-matching network
and broadband Marchand baluns. Figure 18 illustrates
the LB-PA P, distribution as a function of the load in
linear, 1 dB compression and saturated regimes.

As expected, the TB-PA load-pull measurement shows
more sensitivity to load variations in Figure 19. The out-
put power contours shift drastically from the small-signal

We Are Weinschel
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to the saturation region. The maxi-
mum small-signal output power oc-
curs near the Smith chart’s center,
indicating excellent 50 Q small-signal
matching. This, however, changes
with increasing output power, shown
by the constant power contour shift
to higher impedances. Output-
matching network model inaccura-
cies, especially at higher frequencies,
are the likely cause of the 50 Q load
not transforming to the optimum

load point, Z,,q, for maximum achiev-

10:05 AM

Your first hoard is
ready to test.

Your circuit design is
done and you're ready
to make a prototype.

11:48 AM

Why not try a different
approach hefore you
head to lunch?

able power. Deviations in the load-
pull simulations used to determine
Z, are another possibility. However,
LBZPA should show similar deviations.
The measurement results provide en-
hanced insights into the PA's large-
signal behavior, which simplifies un-
derstanding the simulation-to-mea-
surement deviations. The load-pull
measurement enables better device
modeling and indicates PA load sen-
sitivity. For the PMCW PA Tx module
in Figure 2, load-pull data validates

Your second hoard is
ready to test.

After a few tweaks,
you're ready to make
your finished board.

Your finished board is
ready to go.

Nice work. You just
shaved weeks off your
development schedule.
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development time from days and weeks to minutes
and hours. In today’s race to market, it's like having
a time machine.

“You can’t beat an LPKF system
for prototyping. We do up to
three iterations of a design
within a day.”
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whether the impedance variations
of the antenna will degrade the PA
output power and the overall system
performance.

This article addressed the com-
plexity of RF characterization at
mmWave and sub-THz frequencies
and provided an example of on-wa-
fer D-Band amplifier measurements.
Two specific PAs designed for radar
sensing applications were investi-
gated using different architectures
and output-matching approaches.
The example stresses the impor-
tance of accounting for load-pull
when characterizing active compo-
nents in the mmWave and sub-THz

+j1

(c)

LB-PA load-sensitivity
measurements: (a) small signal; (b) 1 dB
compression and (c) saturated.
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frequencies, particularly when look-
ing at large-signal parameters. B
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AUTOMATIC BUILT IN SELF CALIBRATION AND BIAS ADJUSTMENT.
OVER TEMPERATURE, CURRENT; INPUT POWER PROTECTION.
VSWR MEASUREMENT AND OPEN CIRCUIT PROTECTION.

USER FRIENDLY CONTROL INTERFACE.

® REMOTE ETHERNET CONTROL AND FIRMWARE UPDATE.

® HIGH POWER EFFICIENCY AND LIGHTWEIGHT.




r:,o Competitive Pricing & Fast Delivery
o Military Reliability & Qualification
¢ Various Options: Temperature Compensation,

Input Limiter Protection, Detectors/TTL & More

¢ Unconditionally Stable (100% tested)
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OCTAVE BAND LOW NOISE AMPLIFIERS

Model No. reg (6H2)  Gain (@B) MIN  Noise Flgure @)  Powerout@pidd 3rd Order ICP  VSWR
CA01-2110 28 1.0 MAX, 0.7 +10 MIN +20 dBm  2.0:1
CA12-2110 1.0- 2.0 30 1.0 MAX, 0.7 TYP +10 MIN +20 dBm  2.0:1
CA24-2111 2.0-4.0 29 1.1 MAX, 0.95 TYP +10 MIN +20 dBm  2.0:1
CA48-2111 4.08.0 29 1.3 MAX, 1.0 TYP +10 MIN +20 dBm  2.0:1
CA812-3111 8.0-12.0 27 1.6 MAX, 1.4 TYP +10 MIN +20 dBm  2.0:1
CA1218-4111 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 dBm  2.0:1
NARROW BAND LOW NOISE AND MEDIUM POWER AMPLIFIERS

CA01-2111 0.4-05 28 0.6 MAX, 0.4 TYP +10 MIN +20dBm  2.0:1
CA01-2113 08-1.0 28 0.6 MAX, 0.4 TYP +10 MIN +20dBm  2.0:1
CA12-3117 1.2-1.6 25 0.6 MAX, 0.4 TYP +10 MIN +20dBm  2.0:1
CA23-3111 2.2-24 30 0.6 MAX, 0.45 TYP +10 MIN +20dBm  2.0:1
CA23-3116 2.7-2.9 29 0.7 MAX, 0.5 TYP +10 MIN +20dBm  2.0:1
CA34-2110 3.7-4.2 28 1.0 MAX, 0.5 TYP +10 MIN +20dBm  2.0:1
CA56-3110 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  2.0:1
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  2.0:1
CA34-6116 3.1-35 40 4.5 MAX, 3.5 TYP +35 MIN +43 dBm  2.0:1
CA56-5114 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 +40dBm  2.0:1
CA812-6116 8.0-12.0 30 5.0 MAX, 4.0 TYP +33 MIN +41dBm  2.0:1
CA1213-7110 12.2-13.25 28 6.0 MAX, 5.5 TYP +33 MIN +42 Bm  2.0:1
CA14157110  14.0-15.0 30 5.0 MAX, 4.0 TYP +30 MIN +40dBm  2.0:1
CA1722-4110  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 dB) MIN  Noise Figure d8)  Power-out@pid8  3rd Order ICP VSWR
CA0102-3111 0.1-2.0 28 1.6 Max, 1.2 TYP +10 M +20dBm  2.0:1
CA0106-3111 0.1-6.0 28 1.9 Mux 1.5TYP +10 MIN +20dBm  2.0:1
CA0108-3110 0.1-8.0 26 2.2 Max, 1.8 TYP +10 MIN +20dBm  2.0:1
CA0108-4112 0.1-8.0 32 3.0 MAX, 1.8 TYP +22 MIN +32dBm  2.0:1
CA02-3112 0.52.0 36 4.5 MAX 2.5 TYP +30 MIN +40 dBm  2.0:1
(A26-3110 2.0-6.0 26 2.0 MAX, 1.5 TYP +10 MIN +20dBm  2.0:1
(A26-4114 2.0-6.0 22 5.0 MAX, 3.5 TYP +30 MIN +40 dBm  2.0:1
CA618-4112 6.0-18.0 25 5.0 MAX, 3.5 TYP +23 MIN +33dBm  2.0:1
(A618-6114 6.0-18.0 35 5.0 MAX, 3.5 TYP +30 MIN +40dBm  2.0:1
CA218-4116 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 +/-1.5MAX  2.0:1
(CLA26-8001 2.0-6.0 -50 to +20 dBm +14 to +18 dBm +/-1.5MAX 201
(LA712-5001 7.0-124  -21to+10 dBm +14 to +19 dBm +/-1.5MAX  2.0:1
(LA618-1201 6.0-18.0  -50to +20 dBm +14 to +19 dBm +/-1.5MAX  2.0:1
AMPLIFIERS WITH INTEGRATED GAIN ATTENUATION

Model No. Freg (GHz2)  Gain (@8) MIN  Noise Figure ()  Power-out@P148 Gain Aftenuation Range  VSWR
CA001-2511A  0.025-0.150 21 . , 3. +12 MIN 30 dB MIN 2.0:1
CAO5-3110A 0.5-5.5 23 2.5 MAX, 1.5TYP  +18 MIN 20 dB MIN 2.0:1
CA56-3110A 5.85-6.425 28 2.5 MAX, 1.5TYP  +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, 2.0TYP  +18 MIN 20dB MIN  1.85:1
LOW FREQUENCY AMPLIFIERS

Model No. Freq (GHz)  Gain (dB) MIN  Noise Figure dB  Power-out@pidB  3rd Order ICP  VSWR
CA001-2110  0.01-0.10 18 4.0 MAX, 2.2 TYP +10 MIN +20dBm  2.0:1
CA001-2211 0.04-0.15 24 3.5 MAX, 2.2 TYP +13 MIN +23dBm  2.0:1
CA001-2215  0.04-0.15 23 4.0 MAX, 2.2 TYP +23 MIN +33dBm  2.0:1
CA001-3113 0.01-1.0 28 4.0 MAX, 2.8 TYP +17 MIN +27 dBm  2.0:1
CA002-3114 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  2.0:1
CA004-3112 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.

Ciao Wireless, Inc. 4000 Via Pescador, Camarille, CA 93012

Tel (805) 389-3224

Fax (805) 389-3629

sales@ciaowireless.com
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L3Harris Adds Electronic Warfare
Capabilities to T7 Robot

ne of the most efficient ways to innovate

technology is to marry two separate capa-

bilities together. The smartphone is a prod-
uct of this concept, with the initial two technologies —
phone and computer — now encompassing hundreds
in the palm of your hand.

L3Harris took this concept in an innovative direction
recently by attaching an advanced multirole electronic
warfare (EW) capability to a T7 robot and demonstrat-
ing it at Vanguard 2024, an annual capstone experi-
ment the U.S. Army hosts at Fort Huachuca, Ariz. The
combination successfully detected and defeated small
uncrewed aircraft systems (sUAS) with the CORVUS-RA-
VEN system as well as sensed, monitored and decoded
electronic signals using the Individual CORVUS Node.
CORVUS-RAVEN is a counter-drone system that brings
operators passive signal detection capability, enhanced
situational awareness and defeat jamming capability. It
provides rapid detection and indication of drone threats
to inform proportionate defeat.

Vanguard allowed L3Harris and other industry in-
novators to present emerging technologies and fu-
ture warfighting concepts to U.S. Army personnel in
a relaxed and interactive setting. Recent lessons from
Ukraine made this a topical and timely demonstration,
driven by an increasing need to improve stand-off and
protect mobile personnel from targeted artillery attacks.

The team pulled together the combination of COR-
VUS-RAVEN on a robot very quickly to meet the re-
quirements of the experiment, coming to fruition in only
six weeks.

As the robots can be rapidly repositioned with EW
effects turned on and off remotely, their own emitted
signals can also be shut down and the robots can be
relocated quickly to avoid becoming a target of artillery
fire.

T7 and T4 are a strong choice for such deployed EW
scenarios, as both robots have aerospace-grade shield-
ing to protect them against electromagnetic interfer-
ence. This ensures they can carry CORVUS while it is

T7 Robot (Source: L3Harris)
For More
Information
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transmitting without being impacted by its signals. Like-
wise, if CORVUS is actively attempting to detect and
sense adversarial signals, the robots’ exceedingly low
radiated emissions will not hinder its efforts.

The experiment enabled the team to successfully
demonstrate the potential of the T7 and T4's deployed
capabilities beyond explosive ordnance disposal mis-
sions. Using readily available technologies, the concept
showed how CORVUS’ EW capabilities could be oper-
ated through the T7’s network, expanding the future
roadmap of the robots even further.

Detection of GPS Jamming and Spoofing
Threats to International Security

lingshot Aerospace was awarded a contract

by the U.S. Space Force’s (USSF) Space Sys-

tems Command (SSC) to further develop its
already operational GPS jamming detection technol-
ogy by incorporating enhanced geolocation and artifi-
cial intelligence (Al) to detect threats around the globe
in near real-time and help foreshadow future threats to
international security. The technology detects ground-
based GPS jamming and spoofing, which can be used
by adversaries to reduce combat effectiveness and
wreak havoc on com-
mercial industry.

The new program,
Positioning, Navigation
and Timing-Secure Elec-
tronic Navigation Threat
Intelligence and Loca-
tion  (PNT-SENTINEL),
provides Slingshot new
funding to enhance its
already operational technology by incorporating Al and
predictive analytics to disseminate insights more rap-
idly for warfighters and support faster, more informed
decision-making.

The PNT-SENTINEL contract was awarded as an SBIR
Phase 2 contract by SpaceWERX, a space-focused di-
vision within the innovation arm of the U.S. Air Force,
AFWERX. SSC awarded Slingshot a $1.9 million Phase
1 contract to develop its initial GPS jamming detec-
tion capability called Data Exploitation and Enhanced
Processing (DEEP) in October 2021. The technology
produced as a result of the DEEP contract provides the
foundation for PNT-SENTINEL and is currently being
used by the USSF to detect GPS jamming and ground-
based interference sources as they relate to ongoing
conflicts, potential future conflict zones and counterter-
rorism efforts.

As part of the contract, Slingshot will leverage its Al
model called Agatha, which helps identify anomalous
spacecraft within large satellite constellations, to further

Leverage data
passively collected

by a mesh network.of
thousands of satellites
canvasing the Earth.

Visit mwjournal.com for more defense news.

37



DefenseNews

explore, develop and integrate cutting-edge Al into
PNT-SENTINEL.

Slingshot's GPS jamming and spoofing detection
and geolocation capabilities leverage data passively
collected by a mesh network of thousands of satellites
canvasing the Earth. By collecting degradation signals
from thousands of satellites that are constantly canvass-
ing the globe, Slingshot can create a near real-time pic-
ture of where GPS jamming is taking place on Earth at
any given moment.

HENSOLDT Conducts Research in the Field
of Quantum Computing for Radar Resource
Management

ENSOLDT has been awarded a contract by
the DLR Quantum Computing Initiative (DLR
QCI) for the QUA-SAR research project. The
research project aims to optimize complex radar remote
sensing scenarios. In the research project, HENSOLDT
is working together with the Microwaves and Radar In-
stitute of the German Aerospace Center (DLR) and the
high-tech start-up Tensor Al Solutions GmbH. The DLR

QCl is funded by
the German Fed-
eral Ministry for
Economic Affairs
and Climate Pro-
tection.
Radar remote
| sensing uses ra-
dio waves to col-
lect data about
objects or terrain
from a distance. Since conditions on the battlefield
change in ever shorter cycles, time is an important fac-
tor. Radar systems of the future will be multi-platform and
multi-sensor networks that must be operational in highly
dynamic environments. The best possible distribution of
tasks among sensors and sensor networks is becoming
a problem that cannot be solved in real-time with con-
ventional computers. Quantum computers promise to
be able to solve this challenge in the future, which would
provide a decisive advantage in radar resource man-
agement. By participating in QUA-SAR, HENSOLDT is
complementing its ‘Quantum Sensing and Technologies’
technology field, which has existed since the beginning
of 2024 and is developing HENSOLDT's technological
orientation in the field of quantum technologies.

Electronic Battlefield
(Source: HENSOLDT)
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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
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DC TO 110 GHz

Cables and Adapters

System Interconnect and Precision Test

375+ models in stock
Custom assembilies available on request

Rugged design and construction

Precision Test Cables Interconnect Cables VNA Cables
Options for every Wide selection of Crush and torque resistant
environment: armored, connector options

Competitive pricing
phase stable, temperature from SMA to 2.92mm

stable, ultra-flexible, 0.141, 0.086 and 0.047"
and more. )
center diameter

Adapters:

SMA, BNC, N-Type, 3.5mm, 2.92mm, 2.92mm-NMD, 2.4mm, e L
2.4mm-NMD, 1.0mm, 1.35mm, 1.85mm, SMP, WR19, WR22, WR28 [J Mini-Circuits



5G Americas Examines Trust and Security
in Al-Powered Wireless Networks

s the adoption of artificial intelligence (Al)
in telecommunications accelerates, the im-
portance of ensuring trust and security in

cellular wireless networks has never been greater. 5G
Americas announced the publication of its latest white
paper, “Advances in Trust and Security in Cellular Wire-
less Networks in the Age of Al.” This comprehensive
study examines the evolving threat landscape posed
by Al-driven technologies and outlines strategic recom-
mendations for securing these systems.

With Al increasingly
integrated into mobile
networks, use cases
such as anomaly detec-
tion, automated threat
response and intelligent
network  management
demonstrate its potential
to improve performance
and security. However, adversarial attacks, intelligent
jamming and Al-based intrusions present significant
risks, underscoring the importance of secure Al deploy-
ment and international collaboration to establish trust
in Al-driven telecommunications systems.

Key insights from the white paper include:

e Al-Driven Threats and Mitigation Strategies: The in-
tegration of Al into network operations creates new
attack surfaces, such as adversarial machine learn-
ing and data poisoning. The white paper provides
actionable controls and recommendations for safe-
guarding Al assets and platforms.

e Regulatory and Governance Frameworks: Emerging
global standards and regulations, including initiatives
by 3GPP, NIST and ISO, are highlighted as essential
to developing trustworthy Al systems in telecom.

e Strategic Use Cases for Al in Wireless Networks:
From enhancing mobility management to enabling
intelligent network planning, Al applications hold
transformative potential, provided they are imple-
mented securely and ethically.

* The Role of Al in 6G Development: With the evo-
lution toward Al-native 6G networks, the paper ex-
plores how Al can optimize energy efficiency, enable
dynamic feature development and support emerg-
ing use cases like mixed reality and intelligent loT.
"“Al is revolutionizing wireless networks, enabling un-

precedented efficiency, optimization and innovation,”
said Taylor Hartley, working group leader of the paper
and solutions security manager at Ericsson. “However,
as Al adoption grows, so does its potential as an attack
vector. This white paper serves as a crucial guide for
stakeholders aiming to balance innovation with robust
security measures.”

For More
Information
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“As Al adoption grows,

so does its potential
as an attack vector..”
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Cliff Drubin, Associate Technical Editor

Takeaways from IDTechEx’s New
Automotive Radar Market Report

he automotive industry has been using ra-

dar for two and a half decades. During that

time, it has transformed from enabling lux-
ury features on the most expensive cars to being used
ubiquitously for basic safety features in almost all new
cars. IDTechEx’s new report “Automotive Radar Market
2025-2045: Robotaxis & Autonomous Cars” covers all
things radar, from the established market and tier-one
supplier offerings to the most cutting-edge new start-
ups founded in the past couple of years.

The global front radar market is approaching satura-
tion. IDTechEx found that in 2023, 71 percent of new
cars were shipped with front radars; in the U.S., with
growing regulation on automotive safety requirements,
itis 90 percent. As such, the radar market has little room
for growth from front radars alone. However, side ra-
dars are still fast-growing, with only 40 percent of new
vehicles shipped with short-range radar-powered blind
spot detection systems.

Blind spot detection applications dominate market
demand for short-range radars, but an exciting area of
growth is in front short-range radar applications, like
junction automatic emergency braking. This requires
two short-range radars on the vehicle's front corners,
which can see round corners better than the driver and
activate the brakes if the car turns into a secondary road
where a pedestrian is crossing. Safety rating bodies are
already including these features in their arsenal of tests;
in the future, these features could be mandated in up-
dated type approval safety requirements that all new
cars must follow.

Autonomy and autonomous driving will also be drivers
of side radars. Level 2+ is a rapidly growing sector of the
market. Cars with this technology enable drivers to remove
their hands from the wheel while still watching the road.
These typically require a front radar combined with four
side radars, offering 360-degree sensing and protection.

New and massively powerful radars are now making
their way onto new vehicles. IDTechEx's industry contacts
have reported seeing more and more requests for quota-
tions from OEMs for high channel-count systems. IDTe-
chEx expects that high channel-count radars will become
commonplace over the next decade.

N There are two
.:l options for radar
l.: performance  to
keep growing.
One, change to a
higher frequency.
This helps by en-
abling smaller sizes
and higher reso-
lutions. Two, use

Automotive Radar (Source IDTechEx) 3 distributed an-

Visit mwjournal.com for more commercial market news.
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tenna. This solves some of the fundamental issues with
growing the performance of radars, however, it requires
more radar heads, a more complex system and different
integration headaches for OEMs. Nonetheless, IDTechEx
has seen proposed distributed radar systems with 0.01
degrees of angular resolution using these techniques,
which is on par with LiDARs.

RAN Equipment Market to Remain
Uninspiring

ccording to a newly published forecast re-
port by Dell'Oro Group, market conditions
are improving but remain underwhelming
for the broader Radio Access Network (RAN) ecosystem
as regional 5G coverage imbalances, slower data traf-
fic growth and monetization challenges are weighing
on the market. Following the intense 5G acceleration
phase from 2017 to 2021, RAN investments tapered off
in 2023 and 2024. Conditions are expected to improve
slightly over the short term, but the long-term outlook
remains subdued.

Additional highlights from the Mobile RAN 5-Year
January 2025 Forecast Report:
* Worldwide RAN revenues are projected to grow at

a 0 percent CAGR over the next five years, as rap-

imi [rans-Tech

Ceramic Enabled Solutions

Tailored Oxide Ceramics

Customizable compositions with 70 years
of expertise in delivering high-quality,
cost-effective solutions
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Wide Frequency Range

Advanced magnetic absorber powders
operating from 1MHz to several GHz

idly declining LTE revenues will offset continued 5G
investments.

Medium-term risks to the baseline are balanced,
while the long-term risks are tilted to the downside
and characterized by the data growth uncertainty
with the existing MBB use case. As the investment
focus gradually shifts from coverage to capacity,
one of the most significant forecast risks is slowing
mobile data traffic growth. Given current network
utilization levels and data traffic trends in more ad-
vanced markets, there are serious concerns about
the timing of capacity upgrades.

The mix between existing and new use cases has
not changed. Private/enterprise RAN is expected to
grow at a 20 percent plus CAGR while public RAN
investments decline. At the same time, because of
the lower starting point, it will take some time for
private RAN to move the broader RAN needle.
5G-Advanced positions remain unchanged. The
technology will play an essential role in the broader
5G journey. However, 5G-Advanced is not expect-
ed to fuel another major capex cycle. Instead, op-
erators will gradually transition their spending from
5G toward 5G-Advanced within their confined ca-
pex budgets.

RAN segments that are expected to grow over the
next five years include 5G NR, FWA, mmWave,
Open RAN, VRAN, private wireless and small cells.

Industry-Leading
Thermal Barrier Coatings
Trusted standard for EB-PVD applications

In-House Manufacturing

Custom particle size distributions for
thermal barrier coatings, fuel cells, and
precision medical powders

sales@trans-techinc.com
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Aroundthe Circuit
Barbara Walsh, Multimedia Staff Editor

MERGERS & ACQUISITIONS

Micross Components Inc., a portfolio company of
Behrman Capital, closed the acquisition of Integra
Technologies. Integra is an outsourced semiconductor
assembly and test (OSAT) post-processing provider fo-
cused on high-reliability applications and end markets,
headquartered in Wichita, Kan. The acquisition of In-
tegra further positions Micross as a leader in U.S.-based
OSAT services and further broadens Micross' portfolio
of high-reliability microelectronic services and products.
Integra Technologies is a leading U.S.-based provider
of comprehensive semiconductor assembly, testing
and qualification services. The company specializes in
delivering end-to-end solutions that help customers
streamline their production processes while ensuring
high-quality, cost-effective products.

COLLABORATIONS

Microwave Journal, a leading publication serving the RF
and microwave engineering community, and its parent
company, Horizon House Publications Inc., announced
a strategic partnership with the IEEE Antennas and
Propagation Society (AP-S) and the International Union
of Radio Science (URSI) for the 2025 IEEE International
Symposium on Antennas and Propagation and North
American Radio Science Meeting. This high-profile event
will be held in Ottawa, Canada, from 13-18 July 2025
at the Rogers Centre Ottawa. Under this collaboration,
Microwave Journal and Horizon House will work closely
with IEEE AP-S and URSI to manage the sale of exhibit
space and sponsorship opportunities for the symposium.

Quadsat and mmt have partnered to provide Quad-
sat's electromagnetic emulation services. This news fol-
lows the recent launch of Quadsat’s global Service Part-
ner Network, designed to give customers worldwide
cost-effective and prompt access to Quadsat services.
The services range from the characterization of teleport
and user terminal antennas, over full satellite network
testing to calibration of a wide range of RF measure-
ment devices in the civil and defense domains. mmt
specializes in high frequency technology and wireless
measurement, especially for wireless communication
and antenna technology.

Infineon Technologies AG announced the formation of
a new business unit to drive the company’s growth in the
area of sensors by combining the existing sensor and RF
businesses into one dedicated organization. The new
business unit, Sensor Units & Radio Frequency (SURF), will
be part of the power and sensor systems division and in-
clude the former automotive and multi-market sense and
control businesses. By combining its sensor and RF exper-
tise, Infineon strengthens its competitiveness and go-to-
market approach by leveraging cost and R&D synergies,

For More
Information
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accelerating innovation and adding value to customers.

ACHIEVEMENTS

Mobix Labs has reached a significant milestone with
the delivery of its advanced EMI filtered connectors
for the U.S. Navy’s Tomahawk Cruise Missile system.
These connectors, integral to the new Block V Toma-
hawks, help ensure electronic resilience in the face of
electromagnetic interference, safeguarding critical mis-
sile functions in high-stakes operational environments.
As Mobix Labs deepens its footprint in defense tech-
nology, this achievement reflects their dedication to
advancing military-grade connectivity solutions. The
Tomahawk cruise missile, known for its long-range pre-
cision and adaptability, has become a mainstay of the
U.S. military’s defense capabilities, deployed from ships
and submarines.

CONTRACTS

Raytheon, an RTX business, was awarded a $529 million
contract to supply the Netherlands with a Patriot® air
and missile defense system fire unit and related equip-
ment. This contract supports the replenishment of a Pa-
triot fire unit donated to Ukraine. The direct commercial
sales contract includes a single fire unit consisting of a
radar, launchers, command and control stations and
other support equipment. Patriotis the only combat-
proven ground-based air and missile defense capability
in the world able to defend against advanced long-range
cruise missiles, tactical ballistic missiles and the full spec-
trum of air-breathing threats. Patriot is the foundation of
air defense for 19 countries, and the system continues
to demonstrate its effectiveness against advanced aerial
threats and massive complex raid attacks.

The U.S. Army has awarded L3Harris Technologies
full-rate manpack and leader radio production orders
under the Handheld, Manpack & Small Form Fit (HMS)
program totaling nearly $300 million. These orders con-
tinue the proliferation of critical resilient communication
solutions for U.S. soldiers and provide seamless interop-
erability from the tactical edge to the aerial tier in all
operational environments, regardless of adversarial elec-
tronic warfare attacks. The modern cryptographic com-
pliant L3Harris AN/PRC-158 and AN/PRC-163 radios can
switch between Secure But Unclassified — Encrypted and
high assurance levels of encryption, enabling interoper-
ability with coalition partners. This capability meets the
latest NSA encryption and decryption standards for com-
munications security and transmission security.

In 2024, the U.S. Navy awarded BAE Systems an $85
million production contract to deliver additional Net-
work Tactical Common Data Link (NTCDL) systems.
NTCDL will enable a real-time exchange of voice, data,
imagery and full-motion video from a variety of air, sur-
face, subsurface and man-portable sources. Systems
under the company’s current contract are presently be-
ing installed on U.S. Navy aircraft carriers and will be

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

installed on new Constellation-class frigates. NTCDL
is a multi-platform solution for all U.S. Navy Common
Data Link (CDL) requirements. It is a modular, scalable
system designed to increase link capacity and embrace
waveform evolution. NTCDL supports multiple, simul-
taneous, networked operations using currently fielded
CDL equipment, as well as next-generation manned
and unmanned platforms.

Sivers Semiconductors announced that it has been
awarded a major chip development program by a lead-
ing Tier-1 telecom infrastructure vendor. The $5.4 mil-
lion program will run from Q1 2025 to Q4 2026 and
will support the development of a next-generation,
highly integrated beamforming transceiver for various
mmWave telecom applications. Sivers’ RF-SOl-based
SUMMIT beamformer product family leads the industry
in key performance metrics of output power, efficiency
and noise figure, resulting in longer range, more reli-
able links, lower cost of ownership and a greener foot-
print. In addition, Sivers’ TRB transceiver product fam-
ily features state-of-the-art synthesizers with ultra-low
phase noise, high performance mixers with superior im-
age rejection and a high level of integration, resulting in
a lower bill of materials and time to market.

PEOPLE

Epirus announced the addition of Dr.
Matt Markel, a renowned expert in
radar, autonomy and electronic war-
fare systems, to the company’s execu-
tive leadership team as chief technol-
ogy officer (CTO). With decades of
experience at the nexus of technology
innovation and national security, Dr.
Markel was previously CEO of Spartan
Radar, vice president of radar systems at Ghost Auton-
omy and leader of the radar team at Waymo, formerly
the Google Self-Driving Car Project.

A Matt Markel

REP APPOINTMENTS

ATEK Midas, a designer and supplier of high perfor-
mance mixed-signal silicon ASICs and RFICs and ad-
vanced GaAs and GaN MMICs, announced the ap-
pointment of NWN Inc. as their exclusive technical
representative serving customers in Northern Califor-
nia and Northern Nevada. NWN's experience, product
knowledge and reputation make them an exceptional
addition to ATEK’s network of representatives. NWN
specializes in the sale of RF, microwave, mmWave, fre-
quency control and analog components.

Insight SiP, a developer of advanced miniature RF
modules, has appointed Hughes Cain & Associates as
its manufacturer’s representative for the South-Central
U.S., covering Texas, Oklahoma, Louisiana and Arkansas
as part of its drive to expand its U.S. business. Hughes
Cain has been covering this area since the 1970s and
has excellent knowledge of this expanding part of the
U.S. electronics market.
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Analysis of the Test and
Measurement Equipment

Market

Shrikant Mahankar and Kritee Das
MarketsandMarkets, Pune, India

ccording to MarketsandMarkets,

the test and measurement (T&M)

equipment market is projected

to reach $47.01 billion by 2029,
increasing from $38.91 billion in 2024, at
a compound annual growth rate (CAGR)
of 3.9 percent. T&M equipment are instru-
ments and devices used to analyze, evalu-
ate and verify the performance and quality
of mechanical and electronic applications.
This equipment is used in multiple indus-
tries, including automotive, aerospace, de-
fense, IT, telecommunication, education,
government, semiconductors, industrial and
healthcare.

In MarketsandMarkets” analysis, the T&M
equipment market is segmented by prod-
uct type, service type, vertical and region.
The product type segment is further clas-
sified as general-purpose test equipment
and mechanical test equipment. The service
type business segment is sub-segmented as

calibration services, repair/aftersales servic-
es and others. The vertical type is sub-seg-
mented into automotive and transportation;
aerospace and defense; IT and telecommu-
nications; education and government; elec-
tronics and semiconductor; and industrial
and healthcare. The healthcare industry is
likely to witness the fastest growth from 2024
to 2029 due to the increasing demand for
patient monitoring and personal emergency
reporting services, as well as the demand for
advanced medical devices. The Asia-Pacific
region is projected to witness the highest
growth rate during the forecast period due
to rising manufacturing activity in develop-
ing nations. Many companies are establish-
ing their production plants and research and
development facilities in Asian countries
due to favorable government policies.
Stringent government regulations for
product safety and environmental protec-
tion drive the T&M equipment market.
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A Fig. 1 Wireless market segment evolution, applications and ecosystem. Source:
Secondary research, interviews with experts and MarketsandMarkets analysis.

Consumer demand for reliable,
high-quality products is surging as
risks to human life and the conse-
quences of environmental damage
increase. Organizations worldwide
are focused on implementing gov-
ernment guidelines in their testing
services to address product safety
and quality concerns. For instance,
in the automotive industry, the gov-
ernment has enforced stringent
regulatory restraints regarding CO,
emissions from OEMs, creating op-
portunities for the various market
players that offer T&M equipment.

The integration of Al and ma-
chine learning (ML) with T&M
equipment redefines data analysis,
tests and maintenance, which leads
to increased effectiveness and ef-
ficiency of T&M operations. Al and
ML enhance data analysis capa-
bilities by enabling accurate and
fast interpretation of complex data
sets. Through advanced algorithms,
these technologies can identify pat-
terns and anomalies that traditional
methods might miss, improving de-
cision-making and providing more
precise results. Predictive mainte-
nance powered by Al and ML of-
fers a view of possible equipment
failures before they occur, minimiz-
ing down time and cutting costs for
maintenance.

The integration of Gen Al and Al
in T&M equipment has transformed
the industry by increasing the effi-
ciency of measurement and testing
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solutions. Self-healing automation
is designed to automatically detect
problems in the form of test failure
or inconsistency. This allows the Al-
powered testing tools to make cor-
rections, reduce errors and make
the software testing process more
resilient. Defect analysis and sched-
uling tools can analyze the data
gathered, assess the important is-
sues that need attention and sched-
ule the necessary repairs according
to their severity, need and priority.
These tools also predict possible
defects and provide test cases to
be executed based on patterns and
historical databases.

NEW REVENUE POCKETS
FOR PLAYERS IN THE T&M
EQUIPMENT MARKET

The T&M equipment market seg-
ments into general-purpose test
equipment and mechanical test
equipment categories. Of these
two business segments, general-
purpose test equipment is expect-
ed to hold a larger market share.
The general-purpose test equip-
ment includes equipment like oscil-
loscopes, signal generators, multi-
meters, logic analyzers, spectrum
analyzers, BERT solutions, network
analyzers, power meters, electron-
ic counters, modular instruments,
automated test equipment and
power supplies. General-purpose
test equipment measures electronic
parameters, including voltage, fre-

quency, power, etc. As the demand
rises for small, flexible and efficient
T&M equipment, companies are fo-
cusing on developing equipment
that can have multiple functional-
ities. Advancements in T&M tech-
nology have introduced equipment
that provides high bandwidth, accu-
racy and resolution when compared
to conventional equipment that has
been used for testing. This equip-
ment is used in different applica-
tions such as IT and telecommuni-
cations, healthcare, automotive and
industrial applications.

Figure 1 captures the breadth
of the applications, architectures
and ecosystem that will be impor-
tant for the wireless segment of the
T&M market. In particular, Figure 1
shows the significant drivers for 4G
wireless and how 5G will enable
new sources for T&M requirements.
It also indicates architectures in the
outer rings, along with different end
users who are participating in those
architectures. The final ring gives
examples of applications that will be
important to the end user and how
they translate into an architecture.
This straightforward slice shows
how broad and interconnected the
T&M market will become.

The T&M equipment used in the
industrial vertical of the market is es-
sential across various stages of the
product lifecycle, including design,
manufacturing and maintenance.
This includes a wide range of prod-
ucts such as radar systems, solar in-
verters, industrial motors and drives,
wind turbines, HVAC systems and
many others. With the rising adop-
tion of renewable energy applica-
tions, like wind and solar power,
T&M solutions are required to vali-
date performance and compliance.
In addition, industry 4.0, including
automation and loT integration, has
increased the need for advanced
monitoring and predictive mainte-
nance equipment. These factors,
combined with increasing invest-
ment in infrastructure development
and the rising need for quality as-
surance, present enormous growth
prospects for this industry.

THE T&M EQUIPMENT MARKET
ECOSYSTEM

The T&M equipment market eco-
system is broad. It includes all the
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Test and Measurement Equipment Market Ecosystem
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A Fig. 2 Representative snapshot of the test and
measurement ecosystem. Source: MarketsandMarkets analysis.

A ADLINK Asmonics

manufacturers, stakeholders and end-user companies
of T&M equipment, with driving forces on quality as-
surance, performance optimization and compliance in
a wide variety of applications. In MarketsandMarkets
analysis, product manufacturers are further categorized
into general-purpose and mechanical test equipment
segments. General-purpose test equipment suppliers
include companies like Keysight Technologies, Advan-

T |

Electron Device
Business

INSTRUMENTATION
AMPLIFIERS

Powering Innovation for EMC Testing, Radar,
EW, RF Testing, Communications, and
Critical Applications

test, AMETEK, Anritsu and VIAVI Solutions. The me-
chanical test equipment manufacturers include compa-
nies like Rohde & Schwarz, NI, Fortive, Teledyne Tech-
nologies and Astronics Corporation. These companies
supply a broad spectrum of end-user companies world-
wide, including Lockheed Martin, Northrop Grumman,
BAE Systems, Intel Corporation, Qualcomm and Ford
Motor Company, among many others. This ecosystem,
with a partial snapshot shown in Figure 2, illustrates
how T&M solutions act as a foundation for ensuring pre-
cision, reliability and innovation across industries.

CONCLUSION

The T&M equipment market is poised for steady
growth. This growth will be driven by technological ad-
vancement, stringent regulatory requirements and the
integration of Al and ML. Quality and regulatory com-
pliance have become key priority areas for all industries,
resulting in increased demand for high-end testing so-
lutions and big opportunities emerging for market play-
ers globally. m
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he advantages of the THz spectrum

(0.1 to 30 THz) make it an attractive

option for next-generation com-

munication systems. The spectrum
offers highly secure, high-throughput com-
munication with minimal interference. The
broader bandwidth available in the THz
range significantly enhances the potential
for higher data transmission rates compared
to traditional RF-based systems.! The avail-
ability of components in the THz range is
more restricted compared to the RF and op-
tical spectral regions. This limitation poses
challenges in developing and deploying
THz-based systems, as the technology and
infrastructure for THz components are still in
the early stages of development. A key con-
cern in accepting THz technologies for real-
time applications is the cost of the system.
The physical size of the THz component de-
creases with increasing operating frequency.
Traditional manufacturing technologies for
most microwave components will not be
appropriate at THz frequencies. New devel-
opments in fabrication technologies are pro-

viding a path to meet this requirement. This
article discusses some of the more interest-
ing and important recent developments in
advanced fabrication techniques suitable for
the THz regime.

MATERIAL SELECTION AND
CHARACTERIZATION

Material selection for fabrication is impor-
tant. Studying the properties of microwave
dielectric materials at terahertz frequencies
is crucial for precise component design. Ac-
curate characterization of dielectric proper-
ties, such as permittivity and loss tangent,
helps in designing components with the de-
sired performance characteristics, minimiz-
ing signal loss and achieving better overall
efficiency in terahertz technology applica-
tions.2

This area of investigation has garnered
interest and is seeing significant activity.
For instance, the characterization of pho-
topolymers for their dielectric properties
is discussed by Nattapong Duangrit et al.3
Time-domain spectroscopy techniques have
been used to study the dielectric proper-
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Micromachining
1990s: Wafer Bonding
Chemical Mechanical Polishing (CMP)

. 1980s: Physical Vapor Deposition (PVD)
Deep Reactive lon Etching (DRIE)

@ 1970s: lon Implantation

@ 1960s: Chemical Vapor Deposition (CVD)
Photolithography

A Fig. 2 Process techniques for high
frequency component fabrication.

ties of polymer samples. Material
properties of the most commonly
used copper, graphene and carbon
nanotube (CNT) and their suitabil-
ity for THz antenna are studied in a
paper by Sasmita Dash et al.# Poor
radiation efficiency and increased
propagation delay are observed for
copper-based THz antennas. Con-
ductivity and skin depth of copper
tend to be lower at the THz range.
CNT has better conductivity and
graphene exhibits better perfor-
mance compared to copper. Minia-
turization and reconfigurability are
claimed as the advantages of gra-
phene-based antennas. A detailed
study on graphene-based antenna
geometries at THz frequency has
been carried out and reported by
Diego Correas-Serrano et al.> The
conductivity of graphene, which
is strongly influenced by its band
structure, has been mathematically
modeled and analyzed. Dielectrics
used in THz frequency metasurfaces
are reviewed by Rajour Tanyi Ako
et al.® The use of dielectrics as sub-
strates and spacers and appropriate
fabrication techniques have been
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studied. Thin film dielectric sheets
and liquid-coated and solidified di-
electric materials have been studied
and proposed for spacers. Thick film
or bulk dielectric materials formed
by etching or machining techniques
have been studied and proposed as
solutions.

ADVANCED FABRICATION
METHODS

Traditional fabrication methods
require a cleanroom environment,
advanced machinery and highly
skilled personnel to produce na-
noscale components for very high
frequency applications. Precise and
error-free fabrication techniques are
needed to ensure performance in
the THz band. Additive manufactur-
ing methods address the limitations
of conventional techniques and
have been adapted for fabricating
a broad range of active and pas-
sive components. Figure 1 shows
a timeline of some of the important
fabrication developments that have
gotten the industry to its present
state. Figure 2 shows a timeline of
some of the processes that support
high frequency components and
system development.

a viable, low-cost
material for THz
ICs. In the CMOS process, the an-
tenna is fabricated on a silicon sub-
strate, along with all the other com-
ponents. This improves the antenna
performance by reducing intercon-
nects in on-chip antennas. A proto-
type test chip for terahertz recon-
figurable metamaterial in 180 nm
CMOS technology was developed
and described by Zihan Ning.’
Added parasitics resulting from
scaling bring additional complica-
tions in the design of THz circuits.
A 65 nm CMOS process has been
used to design a compact broad-
band antenna array with an operat-
ing frequency centered at 300 GHz.
This effort has been reported by
Changmin Lee and Jinho Jeong.8
Structures that exhibit improved
gain and bandwidth as a result of
this study have been fabricated and
the antenna is shown in Figure 3a.
As reported, a novel ground struc-
ture was developed to increase the
isolation between elements. This
new structure is shown for a 1 x 2
antenna array in Figure 3band a 2 x
2 antenna array in Figure 3c.
Metamaterial antennas with sub-
strate-integrated waveguide (SIW)
via holes are demonstrated by Mo-
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A Fig. 4 (a) Dual-line antenna array.15
(b) Silicon-micromachined interposer.16

hammad Alibakhshikenari et al.?
The antenna described in this paper
is fabricated using stacked layers
for a compact antenna structure. To
reduce surface waves and substrate
loss, metallic via holes are formed in
the top silicon layer. A standard 0.18
pm CMOS process has been used
in a 0.4 THz on-chip antenna design
with a slotted radiator.’® SIW vias
connect the top and bottom metal
layers and create a back cavity to
reduce surface waves. The cavity
directs the radiation toward a low-
resistivity substrate that improves
the broadside radiation. Appropri-
ately designed SIW sidewalls com-
pensate for the effects of the lossy
silicon substrate.

TERAFETS

Antenna-coupled field-effect
transistors (TeraFETs) are special-
ized FETs designed for use in the
THz frequency range. These devices
combine the high speed electronic
properties of FETs with antenna
structures, making them capable
of detecting, generating and ma-
nipulating electromagnetic waves
in the THz regime. The modeling
and experimental characterization
of silicon CMOS detectors for THz
radiation using TeraFETs has been
extensively studied in the paper
from F. Ludwig et al.’" TeraFET de-
tectors have garnered increasing
attention due to their high respon-
sivity, ease of fabrication, ultra-fast
response times and significant tun-

ability through adjustments to the
gate, doping levels and channel
structures.1?

SILICON MICROMACHINING

After selecting a suitable mate-
rial, part of the substrate or a thin
film is removed by different etch-
ing techniques to obtain microma-
chined structures. Silicon microma-
chining uses two main methods:
surface micromachining and bulk
micromachining. Surface microma-
chining works on thin films depos-
ited on a silicon wafer to create
surface structures. In contrast, bulk
micromachining carves features
directly from the silicon substrate.
Etching is crucial for patterning sili-
con substrates and includes isotro-
pic and anisotropic types. Isotropic
etching, performed wet or dry, cre-
ates uniform etching in all direc-
tions, leading to rounded features.
Anisotropic etching, mainly using
dry methods, etches in specific di-
rections, producing sharp-edged
features. Both etching techniques
are vital for achieving precise and
structured results in silicon micro-
machining. Silicon micromachining
has advantages like low fabrication
cost, higher tolerance limits, smaller
feature sizes and easy integration
of components. Micromachined
components have reduced surface
roughness and insertion loss. Silicon
micromachining has been demon-
strated as a suitable method for THz
frequency components.

A. Madannejad et al.’3 present an
innovative  silicon-micromachined,
low-profile, high gain antenna de-
signed for wideband performance
across the entire 500 to 750 GHz
waveguide band. The fabrication
process is conducted on a silicon-on-
insulator (SOI) wafer. A compact sili-
con-micromachined crossover switch
prototype consisting of two hybrid
couplers and two SPST switches is
demonstrated by A. Karimi et al.1*
The crossover switch prototype is
composed of four vertically stacked
SOI chips. A silicon-micromachined
dual-port, dual-line antenna array
with unbalanced feeding is dis-
cussed by A. Karimi et al.’> The fabri-
cation of the antenna array designed
in this paper, as shown in Figure 4a,
employs advanced silicon micro-
machining techniques, specifically
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A Fig. 5 Fabrication technology for silicon THz antenna feed.!8

deep reactive ion etching (DRIE) and
sidewall metallization. DRIE allows
for precise etching of deep, vertical
structures in the silicon. At the same
time, sidewall metallization ensures
uniform conductive coating along
the etched features, enhancing the
performance and integrity of the
antenna array. These techniques en-
able the creation of complex, high-
precision structures required for the
antenna’s optimal operation in high
frequency applications.

Figure 4b shows a silicon-micro-
machined interposer that has been
used in multiport components dis-
cussed by Adrian Gomez et al.’¢ Sil-
icon-micromachined test interpos-
ers offer higher accuracy, lower cost,
greater versatility and the ability to
integrate loads. These factors make
them a crucial tool for advancing
the development of sub-THz wave-
guide components.

Despite the advantages of silicon
micromachining, several limitations
challenge its application in complex
circuit elements and signal chains:

Scalloped Sidewalls: The DRIE
process can cause scalloping on
etched sidewalls, increasing surface
roughness and potentially affecting
device performance and efficiency.

Sloped Sidewalls: Due to vary-
ing ion flow and density during
deep trench etching, sidewalls may
become sloped rather than vertical.
Controlling this slope is crucial for
maintaining precise dimensions and
performance, especially in MEMS
systems.

Aspect Ratio Dependent Etch-
ing (ARDE): ARDE causes variabil-
ity in sidewall profiles depending
on trench aspect ratios, leading to
diverse profiles for different device
geometries.

Surface Roughness: Surface
roughness is a critical factor contrib-

uting to insertion loss in rectangular
waveguides. Minimizing this rough-
ness is essential for low loss, espe-
cially at high frequencies.

IC Integrability: The fabrication
method should be compatible with
integrated circuit processes, allow-
ing simultaneous fabrication of ac-
tive and passive components.

3D PRINTING

The advantages of 3D printing
have allowed it to replace tradi-
tional fabrication methods for THz
components. Rapid prototyping
and the ability to fabricate design
prototypes using a broad range
of dielectric and metallic materi-
als are the key advantages of the
technique. Low material loss, little
hazardous waste generation, the
ability to precisely manufacture de-
vices with microscale features, the
ease of repeatability and the possi-
bility of fabricating a wide range of
components on planar and nonpla-
nar structures using a single table-
top system are other advantages
of additive manufacturing. Various
3D-printed antennas used for 5G
applications were presented by Rui
Xu et al.’”’ The impacts and future
advancements in antenna fabrica-
tion is also investigated.

3D-Printed Active and Passive THz
Components

In the paper by Shu-Yan Zhu
et al.’8 imprint and dry etching
technologies are used to design a
Gaussian beam antenna. The paper
describes a 100 pm thick silicon sub-
strate etched with a 50 pm x 190 pm
slot pattern. The higher aspect ratio
demonstrates the advantage of us-
ing dry etching technologies. The
DRIE process is used to form pillar-
shaped photoresist squares. The
feed was fabricated by dry etching
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A Fig. 6 (a) Metal film deposition and
laser surface patterning.2! (b) Optical
image of metamaterial surface.2!

and optical lithography in a fabrica-
tion process shown in Figure 5.

A two-step 3D printing is used
to print a D-Band antenna in the
paper from Chao Gu et al.’? In this
example, an antenna prototype is
developed that uses metal printing
followed by dielectric printing. The
structure described in the paper
gets 14.2 percent bandwidth and
15.5 dBi gain at 135 GHz, with the
gain value resulting from gain en-
hancement techniques. Broadband
propagation  characteristics ~ are
achieved by using a dielectric ridge
waveguide. 3D printing and gold
sputtering are combined in the fab-
rication of topological waveguides
in the paper from Muhammad Talal
Al Khan et al.20 The fabricated me-
tallic waveguide with air channels
described in this paper can be used
in high speed interconnects.

LASER-BASED TECHNIQUES

Developments in laser-based
manufacturing methods enable the
fabrication of ultrathin structures.
Transparent conducting surfaces are
fabricated on dielectric substrates
using laser-based techniques as
described by Qinghua Wang et
al.2' Two-step laser-based fabrica-
tion is used to achieve ultrathin THz
bandpass filtering. The dielectric
is coated with a 10 nm thick metal
layer and patterns are formed by
laser ablation. A nano-pulse laser
is used to pattern the metal depo-
sition. Surface resistance and vis-
ible transmittance of the fabricated
structures are measured using THz
time-domain spectroscopy. Figure
6a shows the thin metal film depo-
sition and laser surface patterning
used in this article. Figure 6b shows
an optical image of the laser-based
metamaterial surface patterned on
an 8 nm thick copper film.

The direct laser writing meth-
od is used to fabricate a terahertz
metamaterial absorber based on
the fractal structure for wideband
applications in an article from Hou-
Bing Liu et al.22 From this paper, a
negative glue covers the dielectric
layer and the patterns are formed
on a photoresist using direct laser
writing, followed by metal deposi-
tion with magnetron sputtering. A
laser is used in various processes
such as engraving, melting, drilling,
cutting, ablation and patterning of
THz component fabrication. Direct
laser patterning (DLP) is adapted as
a suitable maskless method, in the
fabrication of various micro aper-
tures and surface patterns in differ-
ent materials.23 Changes in design
can be easily adapted in femtosec-
ond laser DLP techniques since it
uses a maskless printing method.

CONCLUSION

This article has presented an
overview of recent developments
in advanced fabrication techniques
suitable for the THz regime. THz
frequencies hold much promise and
they are attracting substantial atten-
tion and investment. The availability
of well-understood manufacturing
techniques opens the opportunity
to explore the promise of the THz
frequency band for next-generation
communication systems. &
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Making Material Measurements

with a VNA

Brian Walker

Copper Mountain Technologies, Indianapolis, Ind.

nowing a material's RF

properties, such as its

complex permittivity and

permeability, can be very
important. The radome protecting
an outdoor radar from the elements
must have a known permittivity and
thickness to pass radar frequen-
cies with minimal attenuation. How
will a thin coating of water on the
radome effect performance? The
protective cover over the radar
embedded in an automobile bum-
per must be designed to pass the
mmWave frequencies emitted and
received. How will paint affect the
RF transmission through the cover?
Antennas are encased in our cellular
phones. How do the plastic materi-
als affect the antenna performance?
Material measurements with a vec-

tor network analyzer (VNA) can
measure material properties and
answer these important questions.

HOW IS A VNA USED
TO MEASURE MATERIAL
PROPERTIES?

Microwave or mmWave signals
are applied to a flat material sam-
ple with known thickness. Signals
incident on the sample should be
plane waves applied normal to the
sample’s surface. This way, RF sig-
nals that transit the material pass
through the known thickness and
not some longer path at an angle.
It is sufficient to measure the thick-
ness and the transmission and re-
flection characteristics of a material
to determine its complex permittiv-
ity. Permeability may also be deter-

A Fig. 1 Free-space measurement test setup. Source:
Compass Technology Group.
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mined, but the cal-
culation is greatly
simplified if it can
be assumed to be
unitary.

The VNA is ei-
ther attached to a
pair of antennas
for a free-space
| measurement or to
a waveguide with
a sample holder.
In the free-space
method, a pair
of horns may be
used to send and

receive the signal and dielectric
lenses are positioned to focus the
beams onto the specimen. In Fig-
ure 1, the sample is held by a fixture
in the center between the antennas
of a system offered by Compass
Technology Group and at a position
where the focused beams are most
planar. Calibration is performed us-
ing a shorting plate as the reflect
and an empty sample holder as
the through. Time domain gating is
used around the sample position in
bandpass mode to eliminate stray
reflections and multipath. The sam-
ple is then inserted and S-parame-
ter measurements are made.

A material might also be mea-
sured by inserting it in a waveguide
path. The MCK measurement sys-
tem from SwissTo12, shown in Fig-
ure 2, is configured in this manner.
Two corrugated horn antennas
operating over a given waveguide
bandwidth are placed end to end

A Fig. 2 SwissTo12 MCK measurement
system.
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ApplicationNote

and a material under test (MUT) is
placed between them. These sys-
tems measure the S-parameters,
reflection and transmission through
the MUT and a mathematical inver-
sion converts these measurements
to a complex permittivity.

SPEAG's Dielectric Assessment
Kit (DAK) product line, based on
the open coaxial probe method,
provides high-precision dielectric
parameter measurements, includ-
ing permittivity, conductivity and

loss tangent, over a wide frequency
range from 4 MHz to 67 GHz. The
advanced hardware technology and
user-friendly software of DAK instru-
ments are designed for accurate,
precise and non-destructive mea-
surements, making them ideal for
use in telecommunications, material
science, bioelectromagnetics, bio-
medical research and industries like
automotive, electronics and food.
The DAK System (DAKS) is the
first system capable of measuring

i
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thin-layer materials and small lig-
uid volumes, as well as DAK single
probes. DAKS is a low-cost, portable
and easy-to-use dielectric assess-
ment system kit that combines the
DAK technology, shown in Figure 3,
with the miniature portable R60 and
R140B vector reflectometers from
Copper Mountain Technologies.
The direct and rigid connection of
the probe to the reflectometer al-
lows the probe to be moved to the
MUT after calibration, greatly sim-
plifying measurements in the lab.
The DAK product line includes the
DAK-TL2, shown in Figure 4.

HOW IS THE PERMITTIVITY
INVERSION COMPUTATION
DONE?

The computation is an inversion
because the material's complex per-
mittivity determines the transmission
and reflection of the RF waves. The
inversion must solve for the unique
permittivity that causes the measured
reflections. Uniqueness is an impor-
tant consideration. In any inversion
problem, multiple parameter values
could create the same outcome, so
seeding the problem with a best-
guess solution is usually necessary.

How is complex permittivity calcu-
lated from the S-parameters? First, the
transmission and reflection properties
at the interfaces and within the mate-
rial are modeled when illuminated by a
plane wave. As detailed by Dr. Schultz’

\

A Fig. 3 SPEAG DAK measurement
system.

A Fig. 4 SPEAG DAK-TL2 measurement
system.
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The material permit-
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normalized by this
value. For non-mag-
- netic materials, the
v, | permeability, j1,,, can
be setto 1.0.

S-parameter

matrices can be
built for the three

al a2_ Vo

A Fig. 5 Modeled material zones.

and shown in Figure 5, the MUT can be
divided into three zones: Zone A is an
infinitely thin left-hand surface to mod-
el signal reflection, Zone B is a central
section to model signal transmission
and Zone C is another infinitely thin
surface to model a second reflection
with a 180-degree phase shift com-
pared to the first reflection. Reflections
occur whenever a wave passes from

Explore MPG’s Advanced Capabilities
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Preselector

2-18 GHz, 10 dB gain, 50 dBc rejection
Operates from -40°C to +80°C

SOSA-aligned 3U OpenVPX
Lightweight Design

zones, but trans-

fer parameters are

more useful since they can be multi-

plied to obtain the composite result
for the entire slab of material.

Transfer parameters relate the a

and b used in Figure 4 by Equation 1:

b1‘ T T
1
T T W
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b,
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and b, from the forward and reverse
case of Zone A in Figure 5 and not-
ing that I'- = -I'+, Equation 2 can
be used to solve for the four transfer
parameters:

- 2 r+

‘Tﬂ I Y
To1 Toola I 1
t* t*

The tangent voltages of the
plane wave must be the same on
each side of the interface for both
forward and reverse waves. Substi-
tuting I'- = -I'+ and equating the re-
sults in Equation 3:

1+ " =ttand 1-T" =t (3)

Eliminating the  transmission
parameters t* and t, the transfer
matrix for Zone A can be written
in terms of I'+ alone. Dropping
the “+"” and doing the substitution
yields Equation 4:

T Tola 14T 1
The reflection at the interface is

a known function of the normalized
permittivity and permeability and it

(4)

i iy o
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is given by Equation 5:
Hm
vV Em - 1 1-ve
[=-rEm o m (5)
e
for um =1
Note that if &, = 1 and p,, = 1,
then T’ = 0, or no reflection for an
air-to-air interface.
From the forward and reverse
wave cases for Zone B, the trans-

fer matrix can be determined as in
Equation 6:

T‘H T12 — t ? (6)
To1 Txls 0 t

The propagation velocity of a
wave is a function of the permittivity
and permeability. For free space,

=c
Vv Io€o '

which is the speed of light. Using nor-
malized &, and j,,,, the wave speed in
the MUT is given by Equation 7:

c
Vm = ———m/s 7
men (7)

The “t” in Equation 6 may be ex-
pressed in terms of the permittivity and

permeability as given by Equation 8:
t= e—/kmd (8)

Where: Material wave number,
km=2V—7ff rad/m

and dis the thickness of the material
in meters.

Finally, substituting -I" for I" into
Equation 4 gives the transfer pa-
rameters for Zone C as shown in
Equation 9:

T Toole 1-T[-I 1
Multiplying all three matrices

gives the expression in Equation 10:

IR LR N VR

- 'I—FZ "1 0 T
“I -F‘ 1

T 1| t(1-1?)

9

Tm x *x

‘ ?-1% I'(1-1)
L(#-1) 1-T?¢

Finally, converting the transfer pa-
rameters to S-parameters using the
standard conversion formula gives
the expression in Equation 11:

(10)

Attenuators & Terminations

Sm=
1 Ir(1-¢) t(1-1?)
1-T2¢2t(1-T2) T(1-1%)

(11)

With these equations, the S-
parameters, in terms of &, and p,,,
have been determined as measured
from one surface of the MUT to
the other. The Nicolson-Ross-Weir
(NRW) algorithm23 or an iterative
solver can determine the permit-
tivity and permeability that fits the
measured data. In the free-space
methods, the NRW method is not
recommended and a four-parame-
ter method is preferred since it elim-
inates the need to precisely position
the sample under test.

For a non-magnetic sample, it is suf-
ficient to measure S;; and S,;, guess
at the permittivity, ,,, calculate I and
t and then use an iterative method to
improve the guess and minimize the er-
rors in Equation 12 and Equation 13:

t(1-I?)

S21 = 1-172¢ (12)
'(1-t%)

S = 1.12¢ (13)
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As a check, note that S,q = tif there
is no reflection, I'. Also, Sy4 = I' if there
is no transmission, t. After a potential
solution is found, it is a good idea to
plot the calculated versus measured
values of S;4 and S, to assess the ac-
curacy of the solution.

The primary issue with this meth-
od is that for materials with a low
loss tangent, the imaginary part of
€, is small. Changing the value of
this quantity has only a tiny effect on
the complex value of S,;. Most opti-
mizer strategies will struggle with this
problem. Compass Technologies,
SwissTo12 and SPEAG have all over-
come this issue with their software.

The equations detailed in this ar-
ticle provide a helpful background
for an engineer who needs to per-
form material measurements. Inte-
gration experts at Compass Tech-
nologies, SwissTo12 and SPEAG
provide measurement systems and
software to perform these measure-
ments and calculate permittivity. For
a nominal fee, they can also make
batch measurements for those who
do not wish to procure a dedicated

system.

PRACTICAL CONSIDERATIONS

Sometimes troublesome reso-
nances may occur at frequencies
where the sample thickness is an
integer multiple of half wavelengths
and measurements may contain
singularities. This occurs when us-
ing both reflection and transmission
inversions on non-magnetic speci-
mens. A video demonstrating the
focused-beam measurement tech-
nique is available on the Copper
Mountain Technologies website.4

Several practical considerations
may prove helpful:

e |f TRL calibration is performed,
it is helpful to normalize the Sy
response while viewing it in the
Smith Chart format. To do this,
place a marker in the middle of
the frequency band. Move one
of the antennas until a 90-de-
gree phase shift is attained for
the “line” standard. For the
“through” standard, move the
antenna back until the phase is
zero once again.

Fast, Accurate, Traceable
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—
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| Lady?’Bug | B
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e Time domain gating, a standard
feature of all Copper Mountain
Technologies VNAs except the
“M" series, should be applied to
the area occupied by the MUT to
eliminate multipath reflections
from other surfaces in the lab.

e Different material measurements
require different solutions. Lower
frequency measurements might
be performed with a focused-
beam system from Compass
Technologies. Liquid materials
would best be measured with a
system from SPEAG. mmWave
measurements could be made
with the MCK system from Swiss-
To12 or a table-top free-space
measurement system from Com-
pass.

® The waveguide measurement fix-
ture from SwissTo12 can measure
plain, coated or multilayer solids,

liquids and powders.

CONCLUSION
There are many ways to make
material measurements. Copper

Mountain Technologies has a wealth
of experience with metrology-grade
VNAs covering frequencies from 1.5
to 330 GHz. The best solution may
also require fixturing and other areas
of expertise in addition to the mea-
surement techniques. To account for
the impact that RF material proper-
ties, such as their complex permittiv-
ity and permeability, may have on a
design and minimize their effects, it is
often helpful to enlist a partner with
expertise in these areas. ®

References

1. J. W. Schultz, “Focused Beam Meth-
ods,” 2012, First ed., pp. 44-48.

2. W. B. Weir, "Automatic Measurement of
Complex Dielectric Constant and Per-
meability at Microwave Frequencies,”
Proceedings of the IEEE, Vol. 62, No. 1,
January 1974, pp. 33-36, doi: 10.1109/
PROC.1974.9382.

3. A.N.Vicente, G. M. Dip and C. Junquei-
ra, "The step-by-step Development of
the NRW Method,” SBMO/IEEE MTT-S
International Microwave and Optoelec-
tronics Conference, 2011, Web: https://
doi.org/10.1109/IMOC.2011.6169318.

4. "Free Space Material Characterization at
Millimeter Wave: Using Frequency Ex-
tenders with CTG’s Focused Beam Sys-
tem,” Copper Mountain Technologies,
Web:  coppermountaintech.com/webi-
nar/free-space-material-characterization-
at-millimeter-wave-using-frequency-
extenders-with-ctgs-focused-beam-sys-
tem.

MWJOURNAL.COM ®m MARCH 2025



Micrd 'wave
{}SPECIALFOCUS —Y




CABLES & SPECIALFOGUS

CONNECTORS TABLE OF CONTENTS
N
7 /4
Cover Feature
7 8 Evolution of Interconnects in Benchtop

RF Test
Jim Alexander, Dan Birch and David Beraun, Samtec

Special Report

86 Supporting Commercial Vehicle
Production Through Modular
Innovation
Robert Weirauch, HUBER+SUHNER

Product Features

94 Proprietary Connector Design
Enhances Quality and Phase Stability
Junkosha

96 High-Density Connection Enhances
PXle Test & Measurement
The Phoenix Company of Chicago, Inc.

TOO selecting the Right RF Cable Assembly

Smiths Interconnect

Tech Brief

1 04 Durable RF Cable Assemblies
Swift Bridge Technologies

Departments
1 0 5 New Products
STAFF

Group Director: Carl Sheffres Multimedia Staff Editor: Barbara Walsh EUROPE
Associate Publisher: Michael Hallman Electronic Marketing Manager: Chris Stanfa Office Manager: Nina Plesu
Media Director: Patrick Hindle Senior Digital Content Specialist: Lauren Tully CORPORATE STAFF
Brand & Content Director: Jennifer DiMarco Digital Content Specialist: Vincent Carrabino CEO: William M. Bazzy
Technical Editor: Eric Higham Director of Production & Distribution: President: Ivar Bazzy

Associate Technical Editor: Cliff Drubin Edward Kiessling Vice President: Jared Bazzy

Editorial & Media Specialist: Kelley Roche Art Director: Janice Levenson
Associate Editor: Kaitlyn Joyner Graphic Designer: Ann Pierce

76 CABLES & CONNECTORS m MARCH 2025



WAVE"

HIGH-PERFORMANCE MICROWAVE CABLES

Phase & Amplitude Stable Assemblies

Samtec’s next generation of RF coaxial cable offers improved stability with flexure over time. The coaxial
structure — with an outer jacket colored in — is designed to meet increased
demands placed on the aerospace, defense, datacom, computer/semiconductor and instrumentation

markets. Performance is optimized at frequencies that go beyond traditional industry targets to support

emerging applications: 110 GHz, 95 GHz, 71 GHz, 43.5 GHz, 32 GHz, 18 GHz.

LOW-LOSS CABLE CONSTRUCTION (vs. Typical PTFE Cables)

Series LLO18 | LLO32 | LL043 | LLO71 | LLO9S | LL110 M
Samtec
Impedance (Q) 50 Orange

Max Frequency REREICA
(GHz) 18 32 43.5 71 95 110

- Silver Plated
Outer Dia(in) | 0.306 ‘ 0.182 ‘ 0.143 ‘ 0.096 ‘ 0.078 ‘ 0.068 | CopperBraid

Min Static Bend Dynamic
Radius (in) 1.25 0.375 0.25 0.25 0.125 0.125

Performance ———

Velocity of Layer (DPL)

Propagation (%)

Min Shielding
Effectiveness (dB) -100

Temp Range (°C) 265 °C to +125 °C Low-Density PTFE Dielectric ———

Connector End 1.00 mm, 1.35 mm, 1.85 mm, 2.40 mm, 2.92 mm, Silver Plated Copper Conductor A
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Evolution of Interconnects In
Benchtop RF Test

Jim Alexander, Dan Birch and David Beraun

n addition to test instrumenta-

tion, such as a vector network

analyzer (VNA), the test fixture

for the device under test (DUT)
is a critical element of RF bench-
top evaluation. The DUT can range
in complexity from a single chip or
component to an entire printed cir-
cuit board (PCB) subsystem. When
assessing the performance of a DUT,
the ideal scenario is to have the test
equipment directly connected to the
ports of the DUT. However, this ap-
proach is typically not feasible due to
practical considerations. Therefore, a
test fixture is used between the DUT
and the test equipment.

The test fixture usually consists
of a combination of connectors,
cables and PCBs. One of the main
goals for the test fixture is to make
it as electrically transparent as pos-
sible. This means the fixture should
not affect the measurement results
across the full bandwidth of the
measurement being made. Further
analysis on de-embedding test fix-
tures and considerations is given by
S. Sankararaman et al.!

This article reviews how some
types of interconnects (cables and
connectors) in benchtop RF tests
have evolved in response to chang-
ing test needs in the context of the
important technical challenges for
modern test fixtures.

VNAs are commonly used in RF
benchtop tests. These powerful and
versatile tools have evolved dra-
matically since the introduction of
commercially available VNAs in the
1970s. At that time, these devices
were made up of multiple bays of
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test racks of various instruments.
Since their inception, VNAs have
developed into systems with fast
sampling rates, FFT-based spec-
trum analysis, wide bandwidths and
deep memory to support the analy-
sis of complex wideband signals.
The relatively recent addition of a
direct digital synthesis allows newer
VNAs to expand from narrowband
analysis to nearly unlimited band-
width possibilities.?

Fortunately, the technologi-
cal advances in VNAs have also
dramatically increased the speed
of measurements. For example,
full-band frequency sweeps in the
1970s could easily take more than
one hour. Today, VNAs can com-
plete a frequency sweep in a frac-
tion of a second. This speed change
enhanced the role of the VNA and
enabled real-time measurement
capability, often incorporating en-
vironmental stimuli such as tem-
perature changes and vibration. It is
important to note that these stimuli
not only affect the performance of
the DUT, but also the test fixturing.

As microwave devices and sys-
tems continue to proliferate, new
frequency bands, such as 32 GHz
and 43.5 GHz, become important for
applications like 5G wireless and K-
Band satellite communications. The
VNA cables that support benchtop
RF testing are commonly optimized
for minimal loss and phase stability
over time, flexure and temperature.
An example of a VNA and its as-
sociated cables is shown in Figure
1. With applications in new bands,
there are opportunities to optimize
new cable and/or connector vari-
ants. For example, a cable design

optimized for 32 GHz can provide a
lower loss solution than a cable that
was optimized for 40 GHz.

In addition, today’s test fixtures
require interconnects, both cables
and connectors, to support higher
physical channel counts than ever
before and provide higher density
in a reduced space. They must op-
erate with high linearity, meaning
no suckouts or non-linear phase
changes in the band and demon-
strate repeatability after mating/
unmating the interconnects. This is
especially true in the initial system
bring-up. Satisfying all these inter-
connect needs in cables and con-
nectors has been challenging for
interconnect suppliers.

In the early days of RF benchtop
testing, choosing a cable or con-

e
A Fig. 1 Samtec Nitrowave™ cables in

a test application using Keysight PS02A
USB VNAs.

CABLES & CONNECTORS m MARCH 2025



= =
)
< e
= Bl
3 :
L2 e
e b
o ¢ e
®

A Fig. 2 Samtec REF-228591
evaluation kit with multiple compression-
mount connectors.

nector was often an afterthought.
Designers frequently used whatever
was available. Today, connecting to
the PCB can be accomplished with
a variety of different interconnects,
each with its advantages and dis-
advantages for handling complex
signals.

SMA Connectors

Since the 1960s, sub-miniature
version A (SMA) connectors have
served RF and microwave applica-
tions. Today, they are used in appli-
cations up to 27 GHz. Traditionally,
SMAs were soldered onto the board
using through-hole technology. Lat-
er, surface-mount versions became
popular and edge-mount SMAs
were used for the highest frequency
applications. Older connectors, es-
pecially through-hole designs, are
well suited for use in rugged condi-
tions that see heavy use. However,
these connectors may require ex-
tensive skill and/or expensive tool-
ing to get optimal results. SMA
connectors can still be an excellent
choice due to their wide availability
and notable ruggedness as long as
their bandwidth supports the DUT'’s
upper-frequency limit.

Compression-Mount Connectors
Existing in some form or anoth-
er since the 1960s, compression
RF connectors have gained favor
recently since they can more read-
ily support higher frequencies. This
has a lot to do with the solder joints,
more specifically, eliminating them.

CABLES & CONNECTORS m MARCH 2025

At lower frequencies, solder
joints have proven to be a re-
liable method of attaching inter-
connects. However, as frequencies
and data rates have increased, the
inevitable variations in attributes
like the size and shape of solder
joints translate into variations in
electrical performance.® With sol-
derless connectors, the electrical
contact is established between the
two contacts by screwing the con-
nector to the PCB. Over the years,
push-on compression-mount con-
nectors have been adapted to use
threads to provide more consistent
performance and ensure secure at-
tachment.

Compression-mount connectors
provide several advantages. These
include improved signal integrity
compared to soldered connectors,
faster assembly and the ability to re-
move and reuse, which can be very
helpful in a test fixture for RF bench-
top testing.# For instance, Samtec
test fixture cards are optimized for
breakout performance, allowing
users to swap out their compres-
sion-mount connectors quickly, de-
pending on the test setup. Figure
2 shows an example of the Samtec
REF-228591 evaluation kit contain-
ing 1.35 mm, 1.85 mm, 2.40 mm
and 2.92 mm compression-mount
connectors.

Unlike soldered connectors,
compression-mount connectors ac-
cess the PCB signal layers through
micro-vias. This avoids the need for
large through-holes and blind vias.
In terms of performance, this can
translate into excellent impedance,
which improves high speed trans-
mission.4

Small compression-mount con-
nectors are well suited for use in
test, prototype and diagnostic ap-
plications. This is due, in large part,
to their performance and ease-of-
use advantages. One concern with
these types of connectors is the risk
of misalignment. Unfortunately, it
can be challenging to detect this
misalignment.>.¢

Interconnects are needed at all
signal inputs and outputs. At higher
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A Fig. 3 Alignment features indicated
with arrows.

A Fig. 4 A ganged compression
connector simplifies test fixture board
design.

frequencies, even slight misalign-
ments of a connector are sufficient
to cause failure.” Fortunately, the
industry has addressed connector
misalignment by adding visual in-
dicators to aid in the proper align-
ment of small compression-mount
connectors, as shown in Figure 3.
These alignment marks can sig-
nificantly speed up assembly and
alignment while improving yield.
These alignment features work with
fiducials on the PCB to ensure prop-
er placement and contact of the
compression-mount  connectors.
Ganged connectors are also avail-
able with alignment features to help
avoid misalignment.

As the need for connectors in a
test fixture increases, the design
can become bulky and space-con-
strained. A solution to this challenge
has been the regular use of ganged
solderless connectors in RF bench-
top testing. A ganged connector
enables more channels. In addition,
ganged solderless compression
systems can improve the speed of
swapping out connectors, reliability
and real estate issues.

Figure 4 shows an example of
a Samtec Bulls Eye® high perfor-
mance test assembly with ganged
solderless connectors and cables.
Our research shows that a configura-
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tion like
the one
shown in Fig-
ure 4 can have

good perfor-
mance because
cable losses are
lower than PCB
A Fig. 5 Belly-to-belly ganged |o'ss'es.' _ Further
connector configuration. minimizing loss,
ganged con-

nectors increase connection density and they can be
placed closer to the DUT.

The benefits of ganged connector solutions can be
leveraged even more by changing the plane in which
the cables approach the fixture. This becomes partic-
ularly important when the test fixture has z-height re-
strictions. In these applications, bringing the cables in
parallel to the PCB is advantageous. There can also be
density improvements from unique solutions that en-
able connectors to be mated on both sides of the PCB,
also known as “belly-to-belly,” as shown in Figure 5 for
Samtec’s Magnum RF® GPPC-RA-SM product with a
3.94 mm (.155 in.) profile.

To demonstrate the advantages of the ganged con-
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nector configuration, two ganged cable connectors
and a circuit trace of the same length are analyzed. The
goal of this analysis was to understand the insertion loss
(IL) and return loss performance for a test fixture over a
wide frequency range. Figure 6 shows a comparison of
loss for a circuit trace and two ganged cable connectors.
One of the ganged connectors uses 0.047 in. diameter
low loss cables and the other uses 0.086 in. diameter
low loss cables. The results indicate that ganged cable
connectors minimize fixture IL substantially, especially

0 Insertion Loss - Single Ended

-2 \
4 \ [1.70 dB]
T -6 \
9 | pp—
g ¢ _{9.50d8B
5, -10
©
-14 H \
—16 [ Trace: 0.009” Wide Stripline in Low Loss Dielectric (6")
_1 8 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100

Frequency (GHz)

A Fig. 6 Insertion loss comparison for ganged cable
connectors and a stripline trace.
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Unrestrained Flex Test to 500,000 Cycles
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Return Loss (dB)

0.5 55

A Fig. 7 Phase stability before and after 500,000 cycles of
flexure.

as frequency increases, when compared to a low loss
dielectric stripline trace of the same 6 in. length as the
cables. These results give test fixture designers confi-
dence when using ganged compression-mount con-
nectors.

When using a VNA, interconnect phase and ampli-
tude stability are key considerations for optimal perfor-
mance. For cables in particular, stability over flexure is
critically important, as different test points are accessed
on the fixture. For consistent measurements, switch-
ing to a low loss, high performance microwave cable
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works very well in dynamic applications. Figure 7 shows
cable return loss performance to 50 GHz for a Samtec
Nitrowave LLO43 Series cable before and after 500,000
flexure cycles. In this case, the cable, which is well suit-
ed for use in RF benchtop testing applications, incorpo-
rates an interlayer in its construction. This architecture is
a major contributor to the overall performance stability.

The cables used in the analysis are high performance
microwave cables. As the connectors described in this
article have evolved in RF benchtop testing, the asso-
ciated cables have also evolved. Standard microwave
cable types, like the RG142 50 Q) cable, are available
from many different suppliers. Additionally, VNA sup-
pliers, such as Rohde & Schwarz, also supply cables for
test applications.8

Some designs require high performance, multi-
channel cables and there is also a growing need for
flexible cables for benchtop testing and other applica-
tions. Products like the W. L. Gore & Associates PHASE-
FLEX® Microwave/RF Test Assemblies? and Samtec’s
Nitrowave cables’0 provide excellent mechanical du-
rability and electrical performance over flexure. This is
important because when a test fixture is calibrated, the
cable is typically in one static position. However, after
calibration, the cable may be moved to different test

CABLE ASSEMBLIES

"\ SWIFT BribGge

TecHNoLoGIesS

Link to Digi-Key
where FastEdge
products are sold

Swift Bridge Technologies, a global provider
of custom cable solutions for the test and
measurement market, is proud to announce
the launch of the all new FastEdge™ RF
product line on the Digi-Key marketplace.

The FastEdge™ RF product line is a general-
purpose, versatile, and economic RF cable
solution for a variety of test environments and
suitable for a broad range of instruments.

Delivering operational frequencies of up to
40 GHz, these RF test cables are available
with various connector types including
high performance SMA, Right Angle SMA,
and 2.92mm connectors. The FastEdge™

RF product line eliminates the need for RF
adapters, which would otherwise introduce
additional and unnecessary signal loss. The
FastEdge™ RF product line is designed to be
used in a variety of test environments, and
suitable for a broad range of uses including:

* Clock Timing * Probing
* Compliance Testing * Multiplexing
* Wireless Communication * Signal Routing

Swift Bridge Technologies is pleased to offer
the FastEdge™ RF product line in standard
lengths of 0.5 meter and 1 meter as well as
custom lengths upon request.

FastEdge™ RF cable assemblies are general-

purpose, versatile, and economic RF cable

solutions. Some advantages of FastEdge™ RF

cables include:

* Low attenuation and low VSWR

* Amplitude and phase stable with flexure

* Suitable for spectrum analyzers, network
analyzers, signal generators, oscilloscopes,
production test sets

* Molded flex reliefs distribute cable stresses
away from the connector and prevent
excessive bending of the cable

* Suitable for 125°C continuous use
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points on the device. In this case, stability becomes im-
portant to maintain a calibrated signal.

Throughout the evolution of RF benchtop testing, in-
terconnect suppliers and instrumentation vendors have
made their products easier to use. This evolution has
provided more consistent performance and supported
expanding frequency ranges. Interconnect suppliers are
expected to continue adapting to the changes made
by test equipment manufacturers. The need for greater
channel counts and higher density will continue to drive
the need for ganged connector solutions at lower pitch
and higher bandwidth.

Additionally, the opportunity to upgrade existing
technology will become increasingly important. An ex-
ample of this is 1 mm connectors, which have tradition-
ally been rated to a maximum frequency of 110 GHz.
New applications have spurred the need to upgrade
designs and push these connectors and cables to oper-
ate at 125 GHz or even higher frequencies. Undoubted-
ly, times have changed and great attention is now being
placed on interconnect technology. As new technologi-
cal challenges emerge, manufacturers will continue to
advance the state-of-the-art in interconnects.
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Supporting Commercial Vehicle
Production Through Modular Innovation

he electrification of com-
mercial vehicle fleets
continues to take place
at a rapid pace. This is
certainly true in China and Europe,
where politics is forcing change.
The zero-emission city bus market
in Europe alone grew by 45 percent
within the first six months of 2024,
according to ACEA." At the same
time, over 42 percent of city buses
are now zero emission, which is
close to three times more than the
15 percent on the streets only five
years ago.'

Simultaneously, the sales of elec-
tric trucks remain on the rise, too,
with the market set to be worth ap-
proximately $20.25 billion by 2032.2
This reflects steady growth spotted
over several years. For example,
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HUBER+SUHNER, Herisau, Switzerland

the ICCT reported that light- and
medium-duty electric truck sales in
Europe increased by 200 percent in
2023 as users continue to steadily
pivot away from internal combus-
tion engine vehicles.3

The growing popularity of com-
mercial electric vehicles (EVs) has
followed the rollout of several
ambitious “green” policies and
regulations across the globe. One
prominent example of this is the
European Commission’s recent cli-
mate target, which recommended
a reduction of the European Union’s
net greenhouse gas emissions by
90 percent by 2040.4 This target is
intended to help the region reach
climate neutrality by 2050 and the
use of electric trucks and buses can
play a pivotal role in achieving this.

Bus and truck manufacturers are
increasing their efforts to deliver
EVs to the mass market for all ve-
hicle segments. This is especially
true for those involving heavy-duty,
long-haul operations. As might be
expected, this has resulted in higher
production volumes, which will only
continue to increase as these vehi-
cle types grow in popularity.

This has placed growing pres-
sure on manufacturers to meet ever-
increasing customer demands. This
is not only true in terms of expected
delivery lead times but also pertains
to performance. Not only must
manufacturers find a way to reduce
the overall assembly manufactur-
ing times and optimize the cable
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assembly process to get
vehicles on the roads faster,
but they must also find innovative
methods of obtaining the maximum
performance levels out of cables
and connectors.

In the age of electrification, elec-
tromagnetic compatibility issues
must be overcome. These occur
when key electrical systems, com-
ponents and equipment interfere
with one another, preventing them
from working together simultane-
ously. Therefore, new ways of con-
necting cable screens must become
a reality.

Usually, vehicle manufacturers
are focused primarily on the direct
costs of the solutions. As a result,
not enough attention has been
paid to indirect production costs
such as assembly, test and produc-
tion equipment or even reworks.
Recently, a number of manufactur-
ers have realized this challenge and
have started to turn toward modu-
lar solutions as the best approach to
EV production.

HUBER+SUHNER has been de-
veloping high-voltage solutions
since the start of this new age of
electrification. In the beginning,
many pressing issues had to be
overcome. First and foremost,
manufacturers must ensure that all
cables and connectors deliver their
maximum performance. These is-
sues raise other questions. What
is the best way to avoid any elec-
tromagnetic compatibility issues?
How can the process time and ef-
fort during assembly be reduced?
For HUBER+SUHNER, the adoption
of a modular approach answers all
these questions.

Modular cable assemblies have
become crucial to modern produc-
tion practices. Because modular
manufacturing requires production
from pre-assembled parts, these
ready-to-install assemblies are help-
ing to reduce production times. This
is due, in large part, to OEM manu-
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facturers no
longer need-

ing the extensive
knowledge and
experience with in-

creasingly complex <

harnesses. A

Solutions like the - (
HUBER+SUHNER -
RADOX® modular
automotive cable

High-Voltage
Cable Assembly
—

S
S

/A HUBER:SUHNER

assembly  (mCAY)

now come with A Fig. 1 High-voltage cable assembly and RADOX HV cables

end-of-line testing " 2" 2zfplliziien.

proof. This means

that manufacturers can install one
of these assemblies immediately
into their commercial EVs. Figure
1 shows an example of where high-
voltage cable assemblies are used
in commercial vehicles.

As modular technologies
have become a reality, they have
changed the way HUBER+SUHNER
operates within the market. This is
evidenced by the transition from a
cable-only supplier to a complete
solutions provider in this high-volt-
age field. This change in position-
ing helps suppliers and it also gives
OEM manufacturers access to new
solutions, like the RADOX technol-
ogy. The result is innovative EVs and
high-quality final products.

One significant benefit of the
mCAY solution is the implementa-
tion and use of electromagnetic
pulse technology (EMPT). The in-
vestment to build in-house assem-
bly capabilities using EMPT has
been substantial, but it has been
recognized and adopted through
its market acceptance. EMPT, which
applies short, high-power electric
currents to join and form conduc-
tive materials, has allowed compa-
nies that use the technology, like
HUBER+SUHNER, to move beyond
traditional crimp technology, which
poses some technical limitations un-
der current loads.

The EMPT process does not in-
troduce significant heat into con-

nection points. This means that the
materials used retain full strength
and are perfectly suitable for harsh
environments. This also helps ensure
that these materials and connection
points deliver high-quality electri-
cal performance over their lifetimes.
The latest connectors on the market,
combined with RADOX high-voltage
cables, form a reliable cable assem-
bly that acts as the connecting core
for high-power applications.

A modular approach is not a one-
size-fits-all approach to vehicle pro-
duction. Many manufacturers want
to use solutions with some level of
personalization. Product person-
alization is essential for delivering
tailored customer experiences to
different user segments, including
“off-the-road” or other industries.
Suppliers in this segment of the in-
dustry, like HUBER+SUHNER, have
been supporting customers with
tailored designs to ensure that solu-
tions meet their needs. The goal of
this modular, customized approach
is to become a one-stop shop for
commercial EV systems.

RADOX cable technology was
first introduced to the automotive
market several years ago. Stand-
ing for “radiation X-linked,” RA-
DOX makes use of the cross-linking
process. In this process, the cables
are exposed to controlled electron
beams that penetrate the polymer
structure. This creates crosslinks that
improve the material’s properties
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ithout affecting its overall
composition. This enables no-
table improvements in the thermal,
mechanical and chemical proper-
ties of the cable insulation material,
making them a suitable solution for
heavy-duty vehicle applications.

RADOX materials are designed to
withstand extreme heat, especially
temperatures that cause overheating
and degradation or may even lead
to components melting. At the same
time, these materials can also work
optimally in extremely cold condi-
tions that may lead insulation to be-
come brittle, frozen or fall off entirely.
They can also handle moisture and
humidity, which typically can result in
short-circuiting and corrosion.

Vehicles may encounter chemi-
cals while in use. This exposure can
quickly affect the insulation perfor-
mance and the likelihood of elec-
trical overloads that cause system
failures. The RADOX materials have
also been shown to be effective in
overcoming these challenges.

In addition, screened RADOX
high-voltage cables can carry high
AC loads, ensuring powertrain sys-
tems work effectively throughout
the vehicle’s lifetime. The RADOX
cables have a robust design; they
will meet the flame resistance stan-
dards of ECE R118 and are Accord
Dangereux Routier (ADR)-compli-
ant. ADR is the European treaty re-
garding the transport of dangerous
goods. Additionally, the RADOX
process enables high UV and resis-
tance to weathering for applications
directly exposed to different envi-
ronmental conditions.

faces and internal archi-
tectures, components of the
HUBER+SUHNER modular high-
voltage distribution unit (mHVDU)
can be tailored to customer speci-
fications with short lead times. This
is helping OEMs bring new EVs to
the market much faster while main-
taining a high level of quality with
what is essentially an off-the-shelf
solution. The modular systems and
components are tested and validat-
ed against various global automo-
tive regulations and standards.

The mHVDU incorporates the
modular concept to achieve greater
flexibility and scalability than tradi-
tional power distribution solutions,
including input, output and fuse
applications. This unit also plays a
vital role as part of a complete sys-
tem solution. The mHVDU is com-
patible with other key elements of
the HUBER+SUHNER high-voltage
portfolio, including the RADOX ca-
bles and the EV-C connection sys-
tem. It is also highly adaptable, as
the design uses standardized com-
ponents that are commonly avail-
able in the market. Figure 2 shows
an illustration of how the mHVDU
and RADOX cables can be used in
a variety of commercial vehicle ap-
plications.

Recognizing that the mHVDU
will be exposed to the same harsh
environments and conditions as the
RADOX cables, the unit has been
designed to withstand major tem-
perature fluctuations, vibrations and
other mechanical loads. This was
done to provide a reliable solution
that ensures the best performance
in heavy-duty applications. Pair-
ing the mHVDU with high-voltage
cables and connection systems has

FOCUS

SPECIAL REPORT

powering and distributing energy
across various systems.

To make high-voltage connec-
tion systems capable of withstand-
ing vibration and shock during actu-
al vehicle use; it is necessary to en-
sure superior reliability and enhance
the solution’s vibration resistance.
HUBER+SUHNER has developed
the EV-C 2 high-voltage connection
system to mitigate these concerns
and meet the demanding conditions
that may disrupt the performance
of heavy-duty EVs. This enhanced
connection system is designed for
ambient temperatures between
-40°C to 140°C. The whole system
is classified in accordance with the
defined voltage ranges of voltage
class B. This includes the HV circuits
that use AC or three-phase current
components, such as the electric
drive system. EV-C 2 also offers an
insulation resistance of greater than
200 MQ when measured at 1000
VDC, in accordance with DIN EN
60512-3-1. When plugged in, the
connection system fulfills IP6K9K
and IP6K7 protection ratings.

The EV-C 2 has a precoated
thread to increase tightness and
mechanical resistance. It also has
an improved sealing concept for a
stronger, more rugged design. The
EV-C 2 product line was launched

A Fig. 3 RADOX high-voltage cable
used in RADOX® EV-C 2 connection

Based on well-defined inte- led to significant improvements in
system.
®) .4;5;’7 : N ‘
=2 1 St
‘ 4V‘J o
- = O
A
——| High-Voltage Power Distribution |
A Fig. 4 RADOX® EV-C 2 connection system application

A Fig. 2 The use of the mHVDU and RADOX cables.
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in March 2024. When it was
launched, care was taken to
ensure that selected materials
would enable manufacturers to
use a connection system that com-
plies with the latest directives laid
out in the "“Restriction of Hazard-
ous Substances in Electrical and
Electronic Equipment RoHS 3"
(EU 2015/863) directive. To simpli-
fy the installation process for this
modular approach that is proving
effective in vehicle production, a
shorter thread runout has been
implemented for thin-wall applica-
tions. The EV-C 2 connection sys-
tem with RADOX cables is shown
in Figure 3 and a typical applica-
tion is illustrated in Figure 4.

As the use of fuel cells and elec-
tric commercial vehicles continues
to grow, it is becoming essential
that the automotive industry evolves

High- performance mterconnect

to ensure reliable high-
voltage connections over the
lifetime of the vehicle and con-
nection system. Through the devel-
opment of RADOX® and modular
technologies, HUBER+SUHNER
continues to drive this evolution
within the commercial vehicle seg-
ment, focusing on energy flow and
its distribution. In this segment,
flexibility is crucial. Solutions need
to be customizable to address spe-
cific individual project needs as well
as broader market needs. That is
why suppliers like HUBER+SUHNER
are moving beyond single-function
commodity components to supply
complete solutions for the end us-
ers, teaming with customers from
the design phase to the finished
product. In today’s market, this is
the best way to support the on-
going transition into modular sys-
tems that will enable alternative
powertrains.
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MXPD70 Compression mount multicoax

solutions

- No PCB solder-down components required
- Ready for 112 Gbps data analysis

- 3.4 mm /0134 inch pitch signal-to-signal
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angle versions

- No hard gold plating
required on PCB

- Swivel-mounted interface
protection
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more information.

SUCOFLEX® 500 Microwave cable
assemblies

- Excellent insertion and return 10ss

- Outstanding phase and amplitude
stability with flexure and movement

- Very long service life >100°'000 flex cycles

- Stock assemblies and customizable
configurations available
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Proprietary Connector Design Enhances
Quality and Phase Stability

s wireless communi-
cation technologies
continue to advance,
demands on test
and measurement applications are
evolving rapidly. Cable and connec-
tor innovations now play a pivotal
role in maintaining the precision
and reliability required for mod-
ern testing environments. Looking
ahead, the integration of artificial
intelligence (Al) into test and mea-
surement processes is set to drive
significant advancements, enabling
smarter and more efficient systems.
Additionally, the ongoing expan-
sion of 5G and loT is expected to
generate new testing challenges,
requiring cutting-edge solutions to
ensure higher carrier frequency and
data rates. With the evolution of
these technologies, sophisticated
testing will become increasingly es-
sential to validate and sustain the
reliability of these interconnected
systems.

The rapid rollout of 5G has trans-
formed the landscape for test and
measurement  equipment.  The
higher mmWave frequencies cen-
tral to 5G deliver faster data speeds
and introduce challenges such as
increased sensitivity to flexure and
mechanical stress. This could affect
system development and device
performance characterization phas-
es, where precision and repeatabili-
ty are critical. It may also include the
commissioning of the complete sys-
tem and ongoing monitoring within
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Junkosha
Irvine, Calif.

a production test environment. To
address these complexities, test
setups must rely on robust, high-
precision cabling and interconnects.

At the higher mmWave frequen-
cies, “phase and amplitude perfor-
mance that endures” is a statement
that the cabling and interconnects
must fulfill, particularly in the test
and measurement environment. At
these frequencies, interconnects
are very small, meaning that con-
nector design can be a challenge.
In addition, the transmission signal
becomes more sensitive to cable
bending and temperature changes,
resulting in an environment that re-
quires phase-stable cables. Key to
these test setups are high perfor-
mance interconnects that establish
dependable connections across a
range of devices and components.
The choice of connectors is influ-
enced by the specific instrument,
its application requirements and the
electrical and mechanical perfor-
mance characteristics. This empha-
sizes the importance of tailored in-
terconnect solutions in modern test
environments.

Junkosha, a pioneer in high per-
formance interconnect solutions,
has once again demonstrated its
commitment to meeting the in-
dustry’s rigorous demands with the
recent launch of its proprietary con-
nector designs. Integrated into its
microwave/mmWave coaxial cable
assemblies, these new connectors
are engineered to meet the rigor-

ous demands of next-generation
high speed, high-capacity commu-
nications systems. Figure 1 shows
examples of these assemblies de-
signed for wide temperature ranges
while being slim and durable.
Accuracy is crucial, especially
at mmWave wavelengths where
instances of flexure and mechani-
cal stress can affect the accuracy
of results. Junkosha’s integrated
approach to cable and connector
design addresses these challenges,
enabling reliable and repeatable
measurements under demanding
conditions.  Junkosha’s branded
connectors mark a significant ex-
pansion of the company's capa-
bilities. Featuring 80 unique types,
each adorned with the “J mark”
emblem symbolizing Junkosha’s
quality promise, these connectors
are engineered to complement the

T
o

A Fig. 1 Junkosha cable assemblies
with connectors with J-mark.
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A Fig. 2 MXW?7 series of cables.

Junkosha microwave/mmWave co-
axial cable assemblies. Designed
with a safety-lock mechanism for en-
hanced durability and a multi-lock
system for ease of use, the connec-
tors ensure robust signal integrity
and operational reliability in high
frequency environments.
Advancements in 5G leverage
higher mmWave frequencies where
cabling and interconnect solutions
must be robust to withstand the rig-
or they are subjected to in any giv-
en scenario. Junkosha'’s innovations
are poised to play a pivotal role in
enabling the high speed, high-ca-
pacity networks of the future. The
Junkosha Microwave/mmWave Co-
axial Cable Assembly MWX7 Series,
known for the lowest phase and
amplitude deviation and best lin-
earity over temperature and flexure,
is already an industry benchmark.
Coupled with the addition of propri-
etary connectors, these assemblies
promise consistent performance in
testing and calibration. Developed
with EPTFE tape-wrapped dielectric
technology, the MWX?7 Series deliv-
ers consistent phase and amplitude
stability in response to temperature
and mechanical fluctuations. Fur-
thermore, the cables offer reduced
phase and amplitude drift from me-
chanical fluctuations, supporting re-
peatable results. As a result, Junko-
sha provides some of the industry’s
best phase and amplitude stability
across its MWX?7 Series of RF cables.
This ensures reliable, repeatable re-
sults for applications ranging from
aerospace and defense to autono-
mous vehicle development. Figure

CABLES & CONNECTORS m MARCH 2025

A Fig. 3 Phase stability versus temperature at 18.5 GHz.

2 shows examples of the MWX7
phase-stable cable assemblies with
various cable diameters and termi-
nating connectors.

The demand for mmWave fre-
quencies continues to grow every
year, driven by diverse applications
ranging from space and defense to
emerging commercial markets such
as autonomous vehicles. Achieving
reliable system performance at high-
er mmWave frequencies requires in-
terconnect solutions that deliver con-
sistent phase stability. This is particu-
larly critical in test and measurement
environments, where precise and
repeatable performance is essential
to validate and optimize system de-
signs. Figure 3 shows phase stability

performance versus
500 temperature  for
€ - several diameters
g 288 @ of the MXW?7 se-
S 200 - ries of cables, mea-
5 _208 sured at 18.5 GHz.
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2 into connector
5‘“_208 design reflects a
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60 -40 -20 0 20 40 60 80 100 | demands from the
Temperature (°C) microwave and
~ 800 mmWave markets,
ééoo [0.066 in. Cable] driven by 5G, Al
< 400 and data center
g 20 growth. All of these
S —200 require advanced
% —400 interconnect solu-
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= 800 — heavy vyorkloads.
g o — ~_—1{0.120in. Cable ] EyhOﬁer:*?g both
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2 -288 ~J | connectors, the
T 500 . . . . . . . company is posi-
-60 -40 -20 0 20 40 60 80 100 | tioned to address
Temperature (°C) the diverse needs
of industries navi-
gating the transi-

tion to higher fre-
quencies and data-
intensive applications.

As 5G continues to drive inno-
vation, Junkosha’s integrated inter-
connect solutions provide custom-
ers with more options. They address
diverse industry requirements with
a combination of high performance
cables and precision-engineered
connectors to meet the challenges
of tomorrow’s sophisticated sys-
tems. Through continuous product
development and customer col-
laboration, Junkosha remains at the
forefront of enabling innovation for
the connected world of the future.

Junkosha
Irvine, Calif.
www.junkosha.com/en
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High-Density Connection Enhances PXle
Test & Measurement

The Phoenix Company of Chicago, Inc.

he tremendous growth

of manufacturing auto-

mation and the increas-

ing complexity of prod-
ucts in all industries continue to
create a strong demand for modu-
lar test solutions. One of the most
popular choices for advanced test
and measurement is the PXle plat-
form. This platform uses a variety
of instrument modules from DC to
mmWave to create flexible, high
performance solutions for validation
and production testing.

These modules include instru-
ments such as switches, multiplex-
ers and vector and signal analyzers
often using up to 20 SMA connec-
tors on the module panel, or in
the case of multiplexer modules,
over 50 SMB connectors. Demand
across the frequency spectrum for
higher performing PXle modules
is creating the need for connector
performance beyond what these
traditional connectors can provide.
The Phoenix Company’s series of in-
strumentation connectors provides
the next generation of mechanical
and electrical performance, aug-
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Naugatuck, Conn.

menting high density with superior
performance.

The PXI chassis is the founda-
tion of the test system and has a
fixed number of slots to accept test
modules. Most modules have a
single slot width but may increase
to double or triple slot widths de-
pending on functionality or the re-
quired space for connectors. Mod-
ules using many RF connectors such
as the SMB, often require a double
slot width to mount all connectors,
wasting valuable chassis space. Ex-
isting multipin connectors can fit a
single-slot module; however, lim-
ited connector performance may
reduce bandwidth specifications.

The Phoenix Company devel-
oped a new family of multipin con-
nectors, shown in Figure 1, to im-
prove single-slot efficiency. This was
accomplished with a high density of
size-16 PkZ® microwave contacts
that also achieve electrical perfor-

mance beyond that of the existing
SMB or multipin connectors. The
heart of this connector system is the
PkZ microwave contact designed to
overcome tolerance gaps found in
modular mating applications. Mat-
ing up to 53 microwave contacts at
one time requires careful control of
design and manufacturing toleranc-
es to avoid exceeding the mating
limits of the connector system. The
PkZ provides a forgiving solution

A Fig. 1 53-pin panel mount
receptacle.

CABLES & CONNECTORS m MARCH 2025
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Cutting-edge
Connectivity

We offer:
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T

Cable Assemblies
Semi-rigid, conformable, flexible cables
Frequency range up to 110 GHz
Phase matched pairs and sets (+/- 1°)
Low loss (30% less than solid dielectrics)
Superior EMI shielding (>90 dB)
Phase stability over temperature
Trusted for use on >100 of programs

Reliable and customizable
solutions for mission
critical applications

SMPM Mini-Lock Connectors
m Operation frequency up to 110 GHz

m Superior reliability
m Temperature range: -65 °C to 165 °C
= Patented technology

Cables and Connectors compliance with:
= MIL-STD-202G, Method 204
= MIL-STD-202G, Method 213, Cond. |

more > smithsinterconnect.com | in X &
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A Fig. 2 Gated VSWR at three mating conditions.

through an air dielectric and careful
control over internal conductor ra-
tios to perform well even when not
fully mated.

Figure 2 shows the gated VSWR
performance to 18 GHz of a mated
pair of size-16 PkZ contacts. The
chart demonstrates the unique abil-
ity of the PkZ contact to provide
constant impedance over mating
gap conditions. The plot shows
three traces representing the con-
tacts at different mating conditions:
full mating, a 0.025 in. separation
and a 0.050 in. separation. As seen,
there is no material performance
difference over this mating range.
This is important because tolerance

>
e

/

A Fig. 3 53-pin plug housing.

stack-up always occurs. Eliminating
this mechanical consideration from
the electrical performance allows
the PkZ to operate to higher fre-
quencies in a high-density platform
and sets it apart from legacy multi-
pin connectors.

As mentioned, one of the most
important design goals of a con-
nector system is limiting tolerances
in areas critical to microwave per-
formance. Reliably mating large
quantities of microwave contacts
involves careful consideration of the
following mechanical features in a
multipin housing:

e Radial contact stability

¢ Contact retention

e Axial mating tolerance

¢ Insertion forces

e De-mating forces

¢ Cable type, termination and ca-
ble management.
Addressing each of these ob-

jectives requires unique design

features in the contacts and the
housings to achieve a robust de-
sign with the precision to operate
into the mmWave region. The PkZ
contacts snap into the housing and
have a specific design feature in

2.00
TR 4 S11 SWR 0.200U/ 1.00U
1.80 H>1: 12078GHz  1.26
1.60
1.40
1
v
1.20
1.00 —_— ! ! ! ! ! ! <
Start 18 MHz RF 0 dBm Stop 18 GHz

A Fig. 4 Gated performance of the 75 Q PkZ series.
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length and diameter that limits the
radial float. The plug and recep-
tacle housings have corresponding
features to provide optimal contact
stability. Contact retention in the
housing is specified at a minimum
of 10 lbs. per contact. Each contact
design features a solder termina-
tion to the cable shield to achieve
superior electrical and mechanical
performance.

PkZ contact radial stability in the
plug housing is further enhanced
with guide pins and a cable guide
plate that isolates the cable’s bend
radius from the PkZ contact. This
eliminates the need for a traditional
backshell and clamp, which may
deform the cable and affect micro-
wave performance. Housings are
available in 13-, 26-, 28- and 53-pin
sizes, all in single-slot widths. Inser-
tion and de-mating forces become
significant at this level. They are
addressed through integrated jack-
screw hardware shown in Figure 3,
which not only draws the mating
halves together but also manages
the separation in a controlled man-
ner to avoid damage.

50 Q and 75 Q Cable Versatility

The PkZ contact accommodates
standard 50 Q) RG cable groups and
1.37 mm cable for improved flex-
ibility in applications like routing
cables inside a single-slot module.
For higher frequencies, contacts are
available for RG-405 cables to 50
GHz and M17/151 0.047 in. cables
to 67 GHz. 75 Q contacts are avail-
able in a size-12 format with perfor-
mance to 18 GHz. Figure 4 shows
gated performance for a mated pair
of the 75 Q PkZ series on Harbour
Industries SS75086 cable to 18 GHz.

This family of multipin connec-
tors and microwave contacts from
the Phoenix Company incorporates
specific features designed to offer
the PXI test market a new choice
for high frequency performance in a
high-density package.

The Phoenix Company of
Chicago, Inc.

Naugatuck, Conn.
phoenixofchicago.com
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Selecting the Right RF Cable Assembly

F cabling is utilized in
many  mission-critical
radar, communication
and navigation system
applications that may be ground-,
sea- or space-based. To ensure that
the correct RF cable assembly is
chosen for your application, a num-
ber of factors need to be consid-
ered. The SpaceNXT™ QT RF cable
assemblies equipped with the new
Mini-Lock connectors from Smiths
Interconnect provide superior solu-
tions that address all these impor-
tant considerations.

Performance is often the first
thing users think about when as-
sessing the needs of the applica-
tion. When considering perfor-
mance, many aspects should be

100

Smiths Interconnect
Stuart, Fla.

included. SpaceNXT QT/Mini-Lock
cable assemblies can operate up to
110 GHz with very low insertion loss
and VSWR values. This makes these
assemblies ideal for a wide variety
of applications. The patent-pending
technology that Smiths Intercon-
nect uses avoids common electri-
cal bead resonance and other RF
issues found at very high frequen-
cies. These RF cable assemblies
provide excellent performance in

quirements of NASA/ESA when
tested per ASTM ES595. Phased
matched pairs and sets are available
with a standard tolerance of + 1 de-
gree per GHz or +2.8 picoseconds.
Figure 1 shows the input VSWR re-
sponse of a cable assembly from 11
MHz to 110 GHz. As the graph in
Figure 1 shows, the VSWR stays be-
low 1.2:1 to around 80 GHz, main-
taining values below 1.4:1 until just
below 110 GHz.

harsh environments

with an operating | 3.0 .

temperature range | 26

of -65°C to 165°C. | 22 :

They are made with | 1.8

low loss fluoropoly- | 1.4 i

Y
v

mer dielectric and :

1
. 11 MHz
constructed  with

22.01 GHz

4401GHz  66GHz  88GHz 110GHz

materials that meet

the outgassing re- A Fig. 1 Typical VSWR versus frequency for SpaceNXT QT

cable.
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A Fig. 2 Mini-Lock mating connectors.

A Fig. 3 Mini-Lock connector with quick-lock mechanism.

In mission-critical applications, RF cable assem-
blies must be properly connected, remain connected
when mated and be capable of withstanding mul-
tiple matings and dematings without degradation.
SpaceNXT™ QT/Mini-Lock cable assemblies have an
audible click when properly installed. The connectors
have a pull strength of more than 50 lbs., meaning the
cable would likely break before the connection would
be lost. In addition, they have been qualified to meet
MIL-STD-202G, Method 204 (vibration standards) and
MIL-STD-202G, Method 213, Condition | (shock stan-
dards). They incorporate an ethylene tetrafluoroethyl-
ene (ETFE) material for maximum radiation resistance.
Should an application require multiple connections,
the Mini-Lock connectors can be mated and demated
more than 100 times without degradation. In addition,
the dependability of the connectors and cable assem-
blies is backed with reliability data and lot traceability.
An example of a mating connector and a cable assem-
bly is shown in Figure 2. The connection mechanism of
the high frequency Mini-Lock connector can be seen in
action in an instructional video.'

In addition to excellent performance and ultimate
reliability, an RF cable assembly needs to be easy
to integrate. The Mini-Lock connector has a quick-
lock mechanism for blind-mate connections with
low insertion force, enabling faster integration with
reduced labor costs. Since there is no coupling nut,
there is no requirement for a torque wrench. This
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A Fig. 4 Mars Rover.

makes the small, lightweight connectors ideal for use
in tight spaces or high-density applications. Figure 3
shows an end view of the Mini-Lock connector with
the quick-lock mechanism and the connector mount-
ed to the cable.

The final consideration when determining the best
solution for an application is the pedigree of the sup-
plier. Products from Smiths Interconnect have been
trusted for use in hundreds of defense, commercial and
scientific programs on land, at sea and in space. An ex-
ample of an actual application is the Mars Rover Pro-
gram shown in Figure 4. RF cable assemblies continue
to be involved in many mission-critical GEO/MEO/LEO
satellite systems, radar systems, electronic warfare, un-
crewed vehicles and many other demanding applica-
tions. With long-standing relationships with the world’s
leading companies and organizations, Smiths Intercon-
nect’s capabilities have been used from application con-
cept to deployment/launch and have included design
reviews, qualification testing, special process documen-
tation, lot traceability and custom packaging. To ensure
success, only select RF cable assemblies that provide
excellent performance, have the ultimate reliability, are
easy to integrate and are readily available from proven
suppliers should be considered for your future applica-
tions. Smiths Interconnect SpaceNXT™ QT/Mini-Lock
cable assemblies are the ideal solution trusted by in-
dustry leaders around the world.

Smiths Interconnect is a leading provider of high-
reliability connectivity products and solutions serving
segments of aerospace and defense, medical, semi-
conductor test and industrial markets. It designs and
manufactures technically differentiated electronic
components, microwave, optical and RF products and
sub-systems that connect, protect and control critical
applications.

References
1. "High Frequency Mini-Lock Connector,” Smiths Interconnect,
Web: youtube.com/watch?v=IxFDNCk_nr4.

Smiths Interconnect
Stuart, Fla.
smithsinterconnect.com
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wift Bridge Technolo-
gies’ DuraWave PS
test port extension
cable assemblies are
engineered to deliver exceptional
durability and performance in the
most demanding environments.
Designed for both indoor and out-
door use, these assemblies provide
excellent phase and amplitude sta-
bility while withstanding physical
and environmental challenges. Built
to endure, DuraWave PS assemblies
feature internal ruggedization that
protects against crushing, torque
and kinking, ensuring consistent
performance with an extended ser-
vice life. The connector body and

interfaces incorporate seals to pre-
vent fluid, dust and dirt ingress at
connections to the test equipment
and the DUT. The abrasion-resis-
tant, flame-retardant polyurethane
jacket adds an extra layer of pro-
tection, allowing these assemblies
to maintain their integrity even in
harsh conditions.

Despite their rugged nature,
these cable assemblies are flexible,
accommodating a 2 in. minimum
bend radius without compromising
electrical performance. This flexibili-
ty makes them easy to route through
tight or hard-to-reach spaces, further
enhancing their practicality. Avail-
able in standard and custom lengths
up to 25 ft., DuraWave PS assem-
blies can be tailored to suit a wide
range of applications.

Designed to meet or exceed OEM
cable performance, configurations
with N-Type connectors support fre-

FOCUS
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Durable RF Cable Assemblies

quency ranges from DC to 6 GHz
with a maximum return loss of -25
dB. Configurations to 18 GHz have a
maximum return loss of -20 dB. For
higher frequency applications, op-
tions include 2.92 mm and 2.4 mm
connectors, both of which support
frequencies to 43.5 GHz with a maxi-
mum return loss of -18 dB.
DuraWave PS cable assemblies
are used in RF and microwave test-
ing, industrial and manufacturing
environments and telecommunica-
tions applications. They provide a
reliable, cost-effective solution for
general-purpose test applications.
Combining precision performance
with robust durability, these assem-
blies are built to deliver repeatable,
high-accuracy measurements over a
long service life.
Swift Bridge Technologies
Portland, Ore.
www.swiftbridgetechnologies.com

Performance

You Can Rely«
HASCO RF Cables - Low Loss,

High Performance, Fast Shipping
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Littlebend Cables are Extremely
Flexible; Perfect for Small Spaces.
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VNA Test Cables are a Tough and
Resilient Cable Solution.

Ruggedized Cables are Built Tough
for Demanding Environments.

e 20" Min. Bend Radius
e For Dense Packaging
e Phase and Amplitude Stable

e Low Loss e Multi-Layer Armor

e Phase Stable over Temperature
e Amplitude Stable

e Flexible
e Phase Stable over Flexure

Find the Right Cable for Your Application Today!

HASCO Components

Phone +1 (888) 498-3242
sales@hasco-inc.com
https:/www.hasco-inc.com/
rf-cable-applications/

Same-Day Shipping
Components In Stock
Custom Applications

Intertek

104 CABLES & CONNECTORS m MARCH 2025



Anoison challenges the perception
that top-quality test cables are al-
ways expensive and bulky. What is
essential when choosing test ca-
bles? Low insertion loss, high phase
stability, good RF shielding, proper
connector selection, durability and
flexibility. Why are high-quality test
cables necessary? Accurate mea-
surements, calibration impact and
repeatability. The Anoison PT family
of test cables achieves these re-
quirements with equal to or better
specifications, less bulk and weight
and at a significantly lower price
than you are used to.

Anoison

WWwWw.anoison.com

Fairview  Micro-
wave launched its
new 1.0 mm test

VENDORVIEW
cable assemblies,

designed for high

performance test setups requiring
superior durability and signal integ-
rity. Made with an armored, ultra-
low loss, phase-stable coax cable,
these assemblies are available in 1.0
mm male-to-male and 1.0 mm
male-to-female configurations.
They support frequencies up to 110
GHz. In addition, they provide ex-
ceptional phase stability, low inser-
tion loss and rugged crush resis-
tance.

Fairview Microwave
www.fairviewmicrowave.com

\VENDORVIEW

The HASCO
HLL228R  Series
cable is a rugge-
dized, low loss,
phase-stable ca-
ble that are de-

CABLES & CONNECTORS m MARCH 2025

signed for demanding environ-
ments where durability and signal
integrity are critical. The low loss
LL228 cable operates from DC to
50 GHz. These cables feature en-
hanced shielding and robust con-
struction to withstand harsh condi-
tions, including extreme tempera-
tures, moisture and physical stress.
Their low loss design minimizes
signal degradation, while phase
stability ensures consistent perfor-
mance over time, especially in high
frequency applications.

Hasco

www.hasco-inc.com

Setting the stan-
dard for high
performance
ruggedized ca-
ble assemblies,
the Maury Mi-
crowave Stabili-
tyPlus™ Series is your interconnect
choice for reliable and repeatable
measurements, providing ampli-
tude and phase stability with flex-
ure, superior flexibility, ease-of-
use, durability and a compact form
factor. Color-coded connectors
significantly reduce the potential
for connection errors, offering clear
indications of compatibility and in-
termatability. Discover how Stabili-
tyPlus can enhance your test setup
today.

Maury Microwave
WWW.maurymw.com

Y)VENDORVIEW
R

The 40 GHz high performance el-
bow right-angle mmWave cable
assembly, launched by Micable,
features a 90-degree elbow 2.92
mm right-angle connector paired
with the C29F low loss phase-sta-

FOCUS

NEW PRODUCTS

ble cable (with a 2.54 mm diame-
ter). It offers the same exceptional
electrical performance as straight
assemblies while providing superi-
or mechanical reliability compared
to conventional right-angle assem-
blies. This product is suitable for
production line and laboratory
testing, as well as various equip-
ment and system connections.
Micable Inc.

www.micable.cn

)VENDORVIEW

Mini-Circuits’
model  FLO86-
12SMMCR+ is a
12-in. length of
» Hand-Flex™
] . .
semiflexible co-
axial cable for
system and test applications from
DC to 6 GHz. Insertion loss is typi-
cally 0.7 dB while return loss is typ-
ically 27 dB, both at 6 GHz. It in-
cludes a right-angle MCX male
connector, SMA male connector
and insulated outer jacket. With a
minimum bend radius of 6 mm
without tools, the cable assembly
is hand-formable to almost any
shape to replace worn 0.086 in. di-
ameter semirigid cables.
Mini-Circuits
www.minicircuits.com

\JVENDORVIEW

Mini-Circuits’
model  VNAX-
2FT-EMERF+ is a
test cable with
: low loss across
its 2 ft. length. Insertion loss is typi-
cally 2.4 dB to 40 GHz and typically
3.7 dB to 67 GHz while return loss
is typically 34 dB to 40 GHz and 26
dB to 67 GHz. Terminated with
stainless-steel 1.85 mm connec-
tors, female at one end and male
at the other, the RoHS-compliant
cable has stable amplitude and
phase with flexure and connects as
much as 17 W at 67 GHz.
Mini-Circuits
Www.minicircuits.com
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,/' The MMCX Pow-
er over Coax
(PoC) RF Connec-
tor, merging pow-
er and data overa
single coaxial ca-
ble. With a fre-
quency range of DC to 6 GHz, it
delivers superior performance for
modern applications while ensuring
backward compatibility with exist-
ing systems. This innovative con-
nector reduces complexity and
boosts efficiency, making it ideal for
compact, high performance solu-
tions. Elevate your connectivity with
this cutting-edge technology, tai-
lored for today’s digital demands.
Molex
www.molex.com

Custom Cable Assemblies, Inc.
CCA manufactures high quality
assemblies to your requirements
with “off-the-shelf” lead times.

No minimum quantity!

X « Design and
build for

% you
‘ y

Custom Cable
Assemblies!
Microwave and RF Coaxial
Assemblies

‘1 Flexible

I Semi-Rigid (Straight or Formed)

-1 Semi-Flex

-1~ High Performance Flexible

‘- Lab Assemblies

-1~ Standard RG-Types

:¥ Miniature

‘I VNA Testing

- Phase Matching

Cipc

www.customcableinc.com
478.953.2358

Assemblies &
to your -
drawings /

and specs

IPC/WHMA-A-620
IPC-J-STD-001

ITAR
Registered
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OptEM Cable Designer is a soft-
ware tool that gives engineers the
ability to design, model and simu-
late copper cables that meet com-
pliance requirements and certifica-
tion. Engineers can investigate ca-
ble behavior, test material effects
and calculate cable mass and cost
— all prior to prototyping and mea-
surement — allowing companies to
reduce prototype iterations and
manufacturing cost. The software
takes advantage of the latest tech-
nologies to give engineers a power-
ful design environment for cable
development and costing.

OptEM Engineering
www.optem.com

\VENDORVIEW

Rosenberger's
new SMPX inter-
connects are a
key component
to accelerate the
development of
224G system ar-
chitectures and enable future tech-
nologies. This 54 mm pitch, multi-
port solution has over 24 standard
configurations available (customiza-
tion available as needed). With high
frequency up to 110 GHz, solder-
less compression mounting to PCB,
over 10k mate cycles and more,
these products are the perfect high
performance sub-miniature push-
on solution. Available now from
REFMW.

RFMW

www.rfmw.com

FOCUS
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)VENDORVIEW

The Rohde &
Schwarz  vector
network analyzer
' series  provides
precise, fast and versatile solutions
for RF and microwave measure-
ments. With a frequency range up
to 1.1 THz and multiport options up
to 48 ports, these high performance
analyzers are ideal for analyzing
passive and active components like
filters, amplifiers, mixers and multi-
port modules. Offering excellent RF
characteristics and a range of analy-
sis functions, Rohde & Schwarz net-
work analyzers empower users to
assess crucial parameters efficiently.
Rohde & Schwarz
www.rohde-schwarz.com/us

Magnum RF® is
Samtec’s newest
¥ line of ganged
multiport connec-

tors. Magnum
RF® delivers an
SMPM interface

into a tightly packaged solution, of-
fers 40 percent greater density, de-
creased processing time and better
positional alignment versus single
channel options. Cable-to-board
and board-to-board mated sets are
available.

Samtec

www.samtec.com

SMPM Mini-Lock connectors can be
selected for use with Smiths Inter-
connect’s high frequency cable as-
semblies. The innovative, patent
pending design approach has al-
lowed for high frequency operation
up to 110 GHz. It is compact, light-

CABLES & CONNECTORS m MARCH 2025



ISM RF & MW ENERGY

2.4 GHz Building

Flexible, Scalable Capabilities up to 6 kW

Signal Generator/Controller

Key Features:

30to +25 dBm (0.1 dB steps)

Frequency from 2.4 to 2.5 GHz (1 kHz steps)
Closed loop and feed forward

RF power control modes

User-friendly GUI and full API

4-Way Splitter with Phase
& Amplitude Control

Key Features:
2.4t0 2.5 GHz
Drive up to 4 amplifier stages
from 1 ISC-2425-25+ controller
Precise control of amplitude
and phase on each path

Coming soon

LEARN MORE

300W SSPA

Key Features:

:"‘". A
300W output power
Supports CW & pulsed signals
42 dB gain

60% efficiency
Built-in monitoring and protection

High Power 4-Way - =
Combiner - " -
@QQ@

1.2 kW power handling (sum port)
0.1 dBinsertion loss

0.15 dB amplitude unbalance

1° phase unbalance

4x N-Type to 7/16 DIN

Key Features:

J Mini-Circuits



Performance
Leaq_g_r in Cables
&'Connectors up

Southwest Microwave
offers comprehensive
high-performance flex &
semi-rigid cable assemblies
operating up to 125 GHz.

145 GHz Coming Soon!

Available with direct
solder cable connectors,
field replaceable cable
connectors, or
Mmulti-pin coax contacts.

ATTRIBUTES:
- Low VSWR
- Low Insertion Loss
- Rugged & Durable
- Excellent Repeatability

Contact Us for
Custom Solutions!

4l

SOUTHWEST
MICROWAVE

southwestmicrowave.com
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weight, offers superior RF perfor-
mance and high reliability testing
for demanding applications. Mini-
Lock connectors are suitable for
harsh mechanical stress environ-
ments such as radars, satellites,
space flight, military, UAV and UGV
applications.

Smiths Interconnect
www.smithsinterconnect.com

In the relentless and ever-demand-
ing world of high frequency intercon-
nect products, the realm beyond
110 GHz stands out. Currently, the
0.8 mm connector reigns supreme at
145 GHz. Over five years ago, South-
west Microwave pioneered the 1.0
mm vertical launch connector. Build-
ing on that milestone, they are now
developing a new 0.8 mm vertical
launch connector for micro-strip. Al-
though all elements are still in the
preliminary prototyping phase, the
outlook is promising and progress is
moving swiftly.

Southwest Microwave
www.southwestmicrowave.com

e 30-degree solder-
~ less PCB com-
< pression-mount
connectors let you
achieve edge
launch-like perfor-
mance anywhere on the board. Fea-
tures include brand-new body orien-
tation angled 30 degrees away from
the PCB, improved electrical perfor-
mance over standard surface-mount
connectors, solderless design for fast
installation and DC up to 65 GHz.
SV Microwave
WWwWw.svmicrowave.com

FOCUS
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DuraWave™
PS43 was devel-
oped by Swift
Bridge Technolo-
™, gies to exceed
OEM perfor-
mance through 43.5 GHz. These
ruggedized, phase and magnitude
stable RF cables are well-suited for
on-site field testing, manufacturing
environments and the testing labo-
ratory. Insertion losses at 43.5 GHz
are typically 30 to 40 percent lower
than the OEM'’s test port cables with
VSWR < 1.25 (< -18 dB S11 and
S22). These assemblies are available
on DigiKey with precision 2.92 mm
and 2.4 mm connectors in various
gender combinations.
Swift Bridge Technologies
www.swiftbridgetechnologies.
com

ACCU-TEST®

Teledyne's new board-mount con-
nectors are designed with perfor-
mance and reliability in mind. When
it comes to lab testing, it is crucial to
have a connection that transitions
from cable to connector to PCB with

minimal  degradation. Teledyne
Storm’s full path solution allows cus-
tomers peace of mind that every-
thing mates together properly and
meets high performance standards.
All solutions are offered with short
lead times and provide test sam-
ples.

Teledyne Storm Microwave
www.teledynestorm.com

CABLES & CONNECTORS m MARCH 2025
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Sapphire Oscillators Deliver
Next-Generation Phase Noise
Performance

Saetta Labs
Boulder, Colo.

aetta Labs is shipping their

new SL1 series sapphire

loaded cavity oscillators

(SLCO), the next generation
ultra-low phase noise microwave os-
cillator technology. These sapphire
oscillators  outperform all ~other
microwave oscillators in terms of
phase noise. Models are available
at 7.00 GHz, 8.00 GHz, 10.00 GHz
and 10.24 GHz. The SL1-8.00 GHz
oscillator exhibits a phase noise of
-154 dBc/Hz at 10 kHz and -170
dBc/Hz at 100 kHz. Figure 1 shows
the phase noise performance of the
SL1-8.00 oscillator.

INTEGRATED TECHNOLOGY

Saetta Labs’ sapphire oscillators
are a single, fundamental mode,
pure microwave oscillator that re-
places three or four traditional oscil-
lators and their integrated hardware

while achieving an order of magni-
tude higher performance. Prior to
the sapphire oscillator, the best mi-
crowave reference was created by
multiplying a high frequency quartz
OCXO, cleaning up with a SAW fil-
ter or oscillator then phase locking a
dielectric resonator oscillator (DRO).
This combined performance is the
limit of what is achievable with tradi-
tional technology. Saetta’s sapphire
oscillator replaces all three oscillators
while significantly outperforming
them.

The SL1 series oscillators have
all the internal circuitry necessary to
phase lock (discipline) to a 10 MHz
reference. Without a 10 MHz refer-
ence, the SLCO is frequency stabi-
lized to an internal reference, is volt-
age tunable and can be externally
phase locked. Electronic tuning is
+1 ppm for a O to 1V tune voltage
and output power

-20 is 12 dBm.
~40 ——110 Hz- 70 dBc/Hz | SAPPHIRE
— OSCILLATOR
o=l 7 TECHNOLOGY
O . .
% 80 l ‘100 Hz - 100 dBC/HZ‘ Sapph|re OSC||'
3 “\\M/ lators are a com-
o _ 1 R H
2 -100 1 KRz - 130 dBo/He | pletely  different
2 breed of micro-
£ —120 Ve wave oscillator,
g 10 [10 kHz - 154 dBc/Hz | relying on a whis-
. pering gallery
~160 mode instead of
SLCO - 8 GHz Free Running an electromechani-
*Phase Lockable to External Reference
BT TS : 1;2 103 10* 105 106 107 cal _(quartz/SAW)
or TE/TM mode
Frequency Offset (Hz) (DRO) approach

A Fig. 1 SSB noise versus frequency offset for 8 GHz SLCO.
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The whispering

gallery in sapphire is a dielectric
resonant mode more common in
optical systems. The resonance is
maintained within the sapphire by
near-perfect internal reflection be-
tween the dielectric boundary be-
tween the sapphire and a vacuum.
The metal walls do not contain the
fields, eliminating the loss of the
metal wall boundary in traditional
TE or TM mode resonators. Saetta’s
sapphire resonator technology has
loaded Qs in excess of 100,000,
which enables the lowest phase
noise oscillators available and oper-
ate fundamentally at X-Band.

Saetta’s technology extends into
the amplifier and bias. Biasing their
amplifiers through their proprietary
ultra-low-noise architecture reduces
the 1/f noise that contributes to the
phase noise of the oscillator. All low
noise circuitry is double- or triple-
regulated.

Thermal stabilization is where
Saetta has made the sapphire oscil-
lator commercially possible. Using
a proprietary ultra-high-resolution
thermoelectric temperature control,
they have stabilized the sapphire
oscillator for room and extended
temperature use (0°C to +40°C),
holding to within +100 ppb, typi-
cal, without the need for an external
reference. When using an exter-
nal reference, the oscillator stabil-
ity matches that of the reference
through phase locking.

ADVANCED RADAR SYSTEMS

The phase noise of the oscillator
in any radar system sets the funda-
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A Fig. 2 Saetta Labs X-Band SLCO.

mental limits achievable in terms
of range and resolution, regardless
of how good the hardware is after
the oscillator. Recent releases of
digital-to-analog converters (DACs)
and analog-to-digital converters can
now drive array elements directly
and achieve a 10logN reduction in
noise with a converter on each N-
element. The latest converter tech-
nology is achieving extremely low
phase noise floors and 1/f, pushing
the limits of achievable phase noise
and significantly outperforming tra-
ditional oscillator technology.

Take a 10 GHz X-Band radar
as an example. Flight targets may
range from approximately subson-
ic to hypersonic or, for simplicity’s
sake, 1x to 5x the speed of sound.
At sea level, this is a Doppler shift
of 20 to 100 kHz. A multiplied crys-
tal has a flat phase noise response
in this range at approximately -135
dBc/Hz for a top-tier system. Com-
pare that to the SL1-10.00 GHz
sapphire oscillator with a phase
noise of -150 dBc/Hz at 10 kHz and
-170 dBc/Hz at 100 kHz. For the
past two decades, quartz-based
oscillators have only improved the
phase noise by 5 to 10 dB. Sap-
phire oscillators from Saetta Labs
improve upon the current state-of-
the-art by 15 to 35 dB while elimi-
nating reference design time with
multiple loops.

QUANTUM COMPUTING

Synthesizer design for quantum
computing has evolved from using
traditional synthesizers to modulat-
ing each qubit directly with a mi-
crowave DAC to manipulate phase,
frequency and amplitude. The new

DACs have lower phase noise than
even the best traditional quartz/
SAW-based systems. The sapphire
oscillator has significantly lower
noise and can improve the phase
noise of the qubit DAC drivers.

THE NEXT GENERATION

Saetta Labs was founded to bring
the next generation phase noise
levels of sapphire oscillators to re-
al-world applications in a compact
module. Their oscillators vary in size
based on frequency. A 10 GHz oscil-
lator is 102 (W) x 147 (L) x 76 mm
(H). With a broad array of uses, from
laboratory standards to deployable
radar systems, our sapphire oscil-
lators are available to extend the
state-of-the-art in low phase noise
systems. All Saetta Labs SLCOs are
manufactured and tested in Boul-
der, Colo., using U.S. suppliers.
Figure 2 shows an example of the
highly integrated SLCO X-Band os-
cillator.

Saetta Labs
Boulder, Colo.
saettalabs.com

FUTURE

FOR DEFENSE

MARCH 26-21, 2825 | ALEXANDRIA, VA

ADVANCING WIRELESS NETWORK
CAPABILITIES FOR OPERATIONAL ADVANTARAGE

15+ seniop-LEVEL B+ HouRs oF
PRESENTATIONS NETWORKING

18+ speakers

SIGN UP TADAY!

FUTUREG.OSIGROUPRP.ORG FREE FOR RACTIVE DUTY MIL/GOV
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Unlocking High
Frequency Data
Acquisition With a
12-bit Digitizer

Teledyne SP Devices

Linképing, Sweden

TABLE 1

TYPICAL ADQ35-WB PERFORMANCE

Parameter Condition Typical Max. Unit
Basic parameters
Bandwidth lower -3dB 120 500 kHz
Bandwidth upper -3dB 7 GHz
Usable bandwidth 9 GHz
Input range 1.4 Voo
Input impedance AC 50 wW
Input impedance DC 10 kw
Coupling AC
Connector type SMA

Dynamic performance dual-channel mode at 5 GSPS

Crosstalk <5GHz -60 dBFS
Noise power density Oto 2.5 GHz -149 dBFS/Hz
SNR Up to 2 GHz 53.5 dBc
SFDR Up to 2 GHz 58 dBc
IM3 1.6 GHz, -7 dBFS -70 dBc
IM3 5.9 GHz, -7 dBFS -47 dBc
ENOB relative full-scale 100 MHz, -1 dBFS 8.8 bits
ENOB relative full-scale 2 GHz, -1 dBFS 8.5 bits

112

recision and performance
are paramount in high fre-
quency data acquisition.
The ADQ35-WB  12-bit
digitizer from Teledyne SP Devices
stands out as a versatile and pow-
erful solution designed to meet the
demanding needs of various appli-
cations, from radar systems to scien-
tific instruments. The ADQ35-WB is
a high performance data acquisition
module that offers dual-channel and
single-channel configurations. With
a sampling rate of up to 10 GSPS
in single-channel mode and 5 GSPS
per channel in dual-channel mode,
it provides exceptional flexibility for
different use cases. Table 1 shows
some of the typical performance
characteristics, along with the dy-
namic performance in dual-channel
mode at 5 GSPS per channel.

One of its standout features is
the 9 GHz of usable analog band-
width, which makes this device ideal
for capturing high frequency sig-
nals with great accuracy. Equipped
with 12-bit vertical resolution, the

MW]JOURNAL.COM HE MARCH 2025
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A Fig. 1 FFT typical two-tone performance at 5.9 GHz.

ADQ35-WB ensures high precision in data acquisition,
allowing for detailed and accurate signal representa-
tion. This level of resolution is crucial for applications
that require fine-grain data analysis and interpretation.
Figure 1 shows typical two-tone fast Fourier transform
(FFT) performance at 5.9 GHz. Additionally, the digitizer
comes with 8 GB of onboard memory, providing ample
storage for large datasets and enabling efficient data
processing. The digitizer also supports peer-to-peer
streaming at speeds of up to 14 Gbyte/s, facilitating
rapid data transfer to GPUs, CPUs or SSDs. This high
speed streaming capability ensures that data can be
processed and analyzed without bottlenecks, making
the ADQ35-WB suitable for time-sensitive applications.

At the heart of the ADQ35-WB is the open onboard
AMD Kintex UltraScale KU115 field-programmable
gate array (FPGA). This powerful FPGA offers extensive
resources for custom real-time digital signal processing
(DSP), allowing users to implement tailored algorithms
and processing techniques directly on the hardware.
This capability is particularly beneficial for applications
that require real-time data analysis and decision-mak-
ing.
One of the challenges in high frequency data ac-
quisition is dealing with analog imperfections such as
temperature-dependent baseline drift and noise. The
ADQ35-WB addresses these issues through advanced
error correction and performance enhancement tech-
niques. By addressing analog imperfections and provid-
ing extensive customization options, the ADQ35-WB
ensures that you can capture and analyze data with the
highest level of accuracy. By leveraging FPGA-based
real-time DSP, the digitizer can correct for baseline drift
and improve the signal-to-noise ratio, resulting in clean-
er and more accurate data. With these techniques, the
ADQ35-WB can achieve the frequency response shown
in Figure 2, where 0 dB is the nominal input voltage
range of 1.4V o-

The ADQBg)—WB is designed for easy integration into
existing systems. Its PCle form factor ensures compat-

MWJOURNAL.COM m MARCH 2025
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A Fig. 2 Frequency response on a linear scale.

ibility with standard PC interfaces, while the included
Digitizer Studio software provides a user-friendly plat-
form for control and configuration. This software simpli-
fies the setup process and allows users to configure the
digitizer to meet their specific needs quickly. Its ease of
integration and user-friendly software further enhance
its appeal, making it a valuable addition to any data ac-
quisition system.

Teledyne SP Devices offers several firmware options
to enhance the functionality of the ADQ35-WB. The
default data acquisition firmware (FWDAQ) is always in-
cluded, providing a solid foundation for standard data
acquisition tasks. For more specialized needs, optional
firmware such as waveform averaging (FWATD) and
pulse detection (FWPD) can be added. Additionally, the
DEVDAQ FPGA development kit allows users to create
custom firmware tailored to their specific requirements.

The ADQ35-WB is designed to excel in a wide range
of applications. In radar systems, its high sampling rate
and bandwidth enable precise detection and analysis of
fast-moving targets. For scientific instruments, the digi-
tizer's high-resolution and real-time processing capabili-
ties are essential for capturing and analyzing complex
signals. Other applications include scanning acoustic
microscopy, LiDAR, particle physics and time-of-flight
mass spectrometry.

In summary, the ADQ35-WB 12-bit digitizer from
Teledyne SP Devices is a powerful and versatile tool
for high frequency data acquisition. Its combination of
high sampling rates, wide analog bandwidth and ad-
vanced DSP capabilities makes it ideal for a variety of
applications. Whether you are working in radar, scien-
tific research or any other field that requires precise and
reliable data acquisition, the ADQ35-WB offers the per-
formance and flexibility you need to achieve your goals.
Explore the capabilities of the ADQ35-WB and unlock
new possibilities in your high frequency data acquisition
projects.

Teledyne SP Devices, Link6éping, Sweden
www.spdevices.com/en-us
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Using Uncertainty Quantification
to Predict Reliability in High
Frequency Device Design

COMSOL

Burlington, Mass.

esigning high frequency devices

requires a thorough understand-

ing of theoretical precision and

how prototyping or manufacturing
tolerances affect performance. Real-world
factors, such as variations in fabrication pro-
cesses and material proper-
ties, result in discrepancies
between ideal simulations
and actual performance that
must be addressed. By pre-
dicting how tolerances influ-
ence performance, uncer-
tainty quantification (UQ) en-
ables engineers to optimize

A Fig. 1 Microstrip patch antenna deSigns for more reliable,
mockup models. consistent outcomes.
114

The COMSOL Multiphysics® software
offers functionality for UQ studies and elec-
tromagnetics modeling. The latest release,
version 6.3, introduces many updates for
electromagnetics and important additions
to UQ functionality for microwave compo-
nents. This update was introduced in the RF
Module, an add-on to the software that al-
lows a user to examine how different input
parameters impact device S-parameter per-
formance.

THE CHALLENGE: FROM SIMULATION
TO REAL-WORLD PERFORMANCE
Figure 1 shows a batch of 100 microstrip
patch antennas fabricated from a simulation
model that estimates an ideal S¢4 of -20 dB.
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A Fig. 2 MOAT screening results.

Considering manufacturing and ma-
terial variations, how many of these
antennas will meet a design target
OfS1'| <-10dB?

In real-world manufacturing,
variations in critical parameters, like
the patch dimensions, substrate
thickness and dielectric constant,
are inevitable. These variations
create antenna performance de-
viations. For example, small patch
length changes may shift the reso-
nant frequency, while inconsistent
thickness or dielectric properties
can cause impedance mismatch-
ing. Without accommodating these
factors, even well-designed anten-
nas may not achieve the intended
performance.

UQ systematically analyzes how
design parameter variations affect
system performance and estimates
how many antennas will meet the
specified performance criteria. The
standard process involves a screen-
ing study, a sensitivity analysis, un-
certainty propagation and a reliabili-
ty analysis. COMSOL Multiphysics®
offers an intuitive workflow for per-
forming these analyses.

MORRIS ONE-AT-A-TIME (MOAT)
SCREENING

The goal of a screening study is
to perform a qualitative analysis to
identify input parameters with the
greatest influence on performance
indicators or quantity of interest
(Qol), Sq1 in this case. The MOAT
method computes the mean and
standard deviation. They are the
average Qol effect of varying a pa-
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A Fig. 3 Sobol indices for a sensitivity
analysis.

rameter and assessing the variability

in that parameter’s effect, indicating

potential interactions with other pa-
rameters.

Typical parameters and ranges
in printed antenna simulations in-
clude:

e Substrate thickness, d, can vary
by approximately +7 percent
from 0.060 in. (~1.524 mm),
based on manufacturer data.
Setting o to 3.5 percent of d
captures about 95 percent of the
variations within +2g.

® Patch length (I_patch) has a nom-
inal value of 52 mm and the toler-
ance depends on the fabrication
method. Non-high-precision PCB
etching can reduce the tolerance
to 0.127 mm, whereas milling
with loose anchoring can yield a
tolerance of +20 = 0.520 mm.

e Dielectric constant, d, is often
3.38 = 0.05. For stricter cover-
age (e.g., +30), o = 0.005 x d
~0.0169, resulting in +0.0507
around the nominal value.
Filtering out less important pa-

rameters can make subsequent

UQ analyses more efficient. Fig-

ure 2 shows results with |_patch,

d, and d. The screening analysis

indicates that substrate thickness

is less influential than the other
parameters.

SENSITIVITY ANALYSIS WITH
SOBOL INDICES

After identifying the most influ-
ential parameters, a sensitivity anal-
ysis quantifies how each parameter,
individually and in combination, af-

fects the Qol. Sobol indices include:

e First-order: reflects the direct
contribution of each parameter
to the Qol

* Total: captures direct effects and
interaction effects with other pa-
rameters.

Figure 3 shows first-order and
total Sobol indices for an analysis
that evaluates parameter sensitivity
and interactions. The analysis shows
that the length of the patch is more
influential than the substrate’s di-
electric constant.

UNCERTAINTY PROPAGATION
WITH KERNEL DENSITY
ESTIMATION (KDE)

Uncertainty propagation evalu-
ates how variations in input param-
eters affect the Sy distribution. A
KDE plot shows a smoothed prob-
ability density function estimate of
the Qol, illustrating how input pa-
rameter uncertainties influence the
distribution. By depicting likely Qol
values in a continuous manner, KDE
provides clearer insight into proba-
bilistic behavior and variability. This
approach helps determine the prob-
ability of different outcomes, reveal-
ing the range of Qol values under
inherent uncertainties. The KDE in
Figure 4 illustrates the probability
density function of the Qol.

RELIABILITY ANALYSIS

A reliability analysis calculates the
probability of meeting a predefined
performance criterion. It provides
a probability value for conditions,
indicating the fraction of scenarios
falling below the threshold.

Example scenarios:

e Milling with loose anchoring:
large tolerances on |_patch result
in a 55 percent probability of Sy,
<-10dB

* Non-high-precision PCB etching:
reduced tolerances increase the
probability of antennas passing
to 86 percent.

Such findings highlight how
tightening tolerances or employ-
ing more consistent manufacturing
processes significantly raises the
proportion of devices that meet the
target specification.

RESULTS AND DISCUSSION
Key takeaways from the UQ stud-
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A Fig. 4 KDE plot.

ies include:

e MOAT screening frequently identifies |_patch and dj
as primary drivers of Sy, variability

* Sobol indices confirm direct effects and the impor-
tance of interactions among parameters

* KDE plots display S distribution, revealing whether

most samples cluster around or deviate from the -10

dB threshold
* Reliability analysis quantifies the fraction of cases <

-10 dB, informing decisions on tolerance tightening

and design adjustments.

Narrowband devices, particularly those operating
at higher frequencies, are especially sensitive to slight
geometric or material deviations. Even a minor 5 to 10
MHz shift in the resonant frequency can result in unac-
ceptable return loss. By employing UQ, engineers can
anticipate these shifts, optimize designs and determine
when to tighten certain tolerances.

Integrating UQ into the design process helps engi-
neers bridge the gap between simulation and reality,
ensuring reliable performance across a range of manu-
facturing variations. For the 100 antennas, predicting
that most will meet the -10 dB S;4 target provides a
solid production foundation while offering refinement
opportunities for the fraction not meeting the target.
This continuous improvement loop elevates both de-
sign and manufacturing processes.

COMSOL Multiphysics is a registered trademark of
COMSOL AB.

COMSOL
Burlington, Mass.
www.comsol.com
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TechBriefs

asternack has introduced

a new line of high perfor-

mance 1.0 mm test cable

assemblies. These cable as-
semblies are specifically designed
to meet the demands of industries
such as test and measurement,
aerospace and defense and tele-
communications, where precision
and reliability are critical. They de-
liver exceptional performance, en-
suring signal clarity and durability,
even in the most challenging test-
ing environments.

Key features of the 1.0 mm test
cable assembilies include a rugged
armored coaxial design capable of
withstanding extreme temperatures
ranging from -55°C to 125°C. With

Test Cables Work to

110 GHz

frequency handling capabilities
from DC to 110 GHz, these cables
are ideal for advanced testing ap-
plications. They also provide low
insertion loss and stable phase
performance, minimizing signal in-
terference and ensuring superior
signal integrity for rigorous testing
scenarios.

The new cable assemblies of-
fer engineers and technicians reli-
able off-the-shelf solutions for high
frequency testing. They are avail-
able with both male-to-male and
male-to-female 1.0 mm connectors,
offered in 12 in. lengths. These as-
semblies are ideal for environments
requiring consistent performance
and resilience.

In addition to being in stock and
ready for same-day shipping to
meet urgent project needs, custom

versions of these RF cable assem-
blies can be built and shipped with-
in two weeks. Custom cable lengths
are also available by contacting a
Pasternack sales representative. For
added assurance, RF testing ser-
vices can document the electrical
performance of your specific cable
assembly.

A leader in RF products since
1972, Pasternack is an SO
9001:2015 certified manufacturer
and supplier offering the industry’s
largest selection of active and pas-
sive RF, microwave and mmWave
products available for same-day
shipping.

\JVENDORVIEW
Pasternack, an Infinite
Electronics brand
Irvine, Calif.
www.pasternack.com

ble-top Compact Antenna
Test Range (CATR), Eravant

offers a larger open-air
CATR with a 600 x 600 mm rolled-
edge reflector. Featuring a 300 mm
diameter quiet zone for testing a
variety of antenna types, the CATR
includes a heavy-duty gimbal that
supports loads up to 80 lbs. The
gimbal provides =72 arcsecond po-
sitioning accuracy with +90-degree
azimuth and elevation range.

The open-bed CATR is compat-
ible with a variety of transmit and
receive frequency extender modules
using VNAs from vendors, including
Copper Mountain, Anritsu, Keysight
and Rohde & Schwarz. Eravant's
VNA frequency extender modules
cover full and extended waveguide
bands from 20 to 330 GHz with dy-

120

Antenna Range

Spotlights

300 mm Apertures

namic ranges as high as 120 dB. The
receive frequency extender connects
to the antenna under test (AUT) and
travels with it during measurements.
The transmit frequency extender
drives a feed horn projecting spheri-
cal waves onto the reflector to pro-
duce plane-wave signals within the
quiet zone surrounding the AUT.
Eravant offers a wide selection of
compatible feed horns with optional
polarizers and mode transitions.
Machined from a solid aluminum
block, the reflector includes a pro-
tective chemical finish that prevents
corrosion and maintains high surface
conductivity. The support structure,
built from T-slotted aluminum fram-
ing, provides a secure and versatile
component mounting system. The
configuration enables precise feed

horn location and orientation to op-
timize the quiet zone quality.

The supplied software can con-
trol different-sized gimbals and vari-
ous VNA brands and models. It can
also be customized to control addi-
tional devices and supports a wide
variety of automated measurements
for various needs.

The 300 mm CATR is model STY-
CATR-0300-OB-S1, while the 150
mm version is model STY-CATR-
0150-OB-S1. Both systems are avail-
able for evaluation through Eravant's
Antenna Measurement Services.

VENDORVIEW
Eravant (formerly Sage
Millimeter Inc.)
Torrance, Calif.
www.eravant.com
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uantum computers are
being developed that
could bring revolution-
ary capabilities to com-
mercial, industrial and government
sensing systems, radar, communi-
cations and radio astronomy. This
rapidly advancing technology re-
quires RF/microwave components
to operate in the testing and manu-
facturing process within extremely
cold temperature environments. To
meet this demand, KRYTAR now of-
fers a selection of components for
your quantum and cryogenic de-
signs using materials optimized for
cryogenic environments to +85°C.
The new product line includes di-
rectional couplers, hybrid couplers,
a two-way power divider and a 50 O
coaxial termination:

e Directional coupler operates from
1.0 to 12.4 GHz: Model 101012410-

TechBriefs

Quantum/Cryogenic
Building Blocks

Q-1006 with 10 dB coupling

e Directional couplers operating from
2.0 to 12.4 GHz: Model 102012410-
Q-1006 with 10 dB coupling, Model
102012420-Q-1006 with 20 dB cou-
pling and Model 102012430-Q-1006
with 30 dB coupling

e Directional couplers operating from
4.0 to 12.4 GHz: Model 104012410-
Q-1006 with 10 dB coupling, Model
104012420-Q-1006 with 20 dB cou-
pling and Model 104012430-Q-1006
with 30 dB coupling

e Hybrid couplers operating from 1.0 to
12.4 GHz: Model 3010124-Q-1006, a
90-degree hybrid with 3 dB coupling,
Model 4010124-Q-1006, a 180-de-
gree hybrid with 3 dB coupling

e Two-way power divider operates from
2.0 to 18 GHz: Model 6020180-Q-
1006 is an MLDD design with > 19 dB
isolation, £0.3 dB of amplitude track-
ing and phase tracking of +6 degrees

®* 50 Q coaxial termination operates
from DC to 12.4 GHz: Model TTMA-

Q-1006 with low VSWR and a 3.5 mm

male connector

KRYTAR provides complete en-
gineering services for custom de-
signs that meet or exceed critical
performance and/or packaging re-
quirements. They are well known
for quick-reaction capability, design
responsiveness, flexibility, fast pro-
duction turnaround and partner-
ships with customers. These com-
ponents afford academia, industrial
and government users the ability
to operate cryogenic control elec-
tronics in their quantum computing
product research, development and
manufacturing process.

\VENDORVIEW

KRYTAR

Sunnyvale, Calif.
https://krytar.com/products/
quantum-cryogenic-products/

UNMANNED &
AUTONOMOUS SYSTEMS

SUMMIT

April 16-17 | National Housing Center | Washington, D.C.

Sign Up Today!

Unmanned.dsigroup.org
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Analysis of Mobility and
Interactions with

emcom has introduced a
new Huygens surface ca-

pability that incorporates
earfield antenna effects
into simulations of antenna perfor-
mance. This allows for the analysis of
mobility, multipath and interactions
with body-worn devices in realistic
environments. The Huygens surface
capability is integrated with dynamic
mobility, enabling the movement
of RF systems, vehicles and people
through virtual wireless scenarios.
Seamless interoperability between
high-resolution near-field simulations
and efficient 3D ray tracing supports
applications such as GNSS, 6G con-
nectivity, lunar missions and on-body
communication while in motion.
Steady-state electric and mag-
netic field data for complex designs
involving MCAD, ECAD, PCB, scat-
terers and circuit matching networks
can be transferred from Remcom'’s

Frequency Matters.

Body-worn Devices

XFdtd into Wireless InSite, where
the Huygens configuration can be
placed anywhere in the scene and
moved through time via mobility op-
tions that reveal how motion or mov-
ing objects and people affect fading
and shadowing.

The update supports several im-
portant applications:
* GNSS positioning: Accurate mod-
eling of handheld devices on walk-
ing humans in urban environments,
capturing multipath effects from 3D
structures and signal losses from foli-
age, as observed from moving satel-
lites
e NASA Artemis Program: Wire-
less channel simulation and cover-
age analysis for lunar environments,
including simulation of MIMO an-
tennas on spacesuits during moon-
walks, digital elevation maps and
analysis of network performance im-

pacts from regolith dust, sub-surface
scattering and blockage from rovers
and craters

e 5G/6G connectivity for UAVs,
automotive and robotics: Wireless
InSite’s mobility and accurate simu-
lation of propagation and multipath
provides training data to ML algo-
rithms in Al-native 6G networks

* On-Body communications: Unique
on-body communication modeling
for wearables, including earbuds,
smartwatches, UWB positioning tags,
smart rings and more, allows RF en-
gineers to analyze interactions be-
tween the human and the device and
optimize wireless performance across
wearable ecosystems.

\WJVENDORVIEW

Remcom Inc.
State College, Pa.
WWW.remcom.com

Catch up on the latest industry news with the hi-weekly video update
Frequency Matters from Microwave Journal @ www microwavejournal.com/frequencymatters

—

Optimizing D-Band Amplifiers:
Diving Into RF Measurement
Challenges

Making Material Measurements
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Frequency Matters.
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AHEAD OF WHAT'S POSSIBLE™

Recent Advancements in Tera-
hertz Components Fabrication:
A Step Towards Next
Generation Communication
Systems

Special Focus:
Cables & Connectors
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Robust Power Management
. Solutions from Analog
namw Devices

800G for Field
Applications

Anritsu’s recent Test Talk blog post
examines the processes required
to ensure 800G networks perform
optimally in the field, enhancing reli-
ability and accelerating adoption.

Empower RF Celebrates
25th Anniversary

Entering 2025, Empower RF Systems announced the company’s
25th anniversary and results from the previous year that in-
cluded capacity expansion and record business results. S eri es: LEO

Empower RF Systems

www.empowerrf.com Satellites: DriVing
the Future of
SATCOM

Explore how LEO satellites are revo-
lutionizing communication in Qorvo’s
engaging blog series. Discover key
trends, technologies and insights
shaping the future of SATCOM.

Quantic X-Microwave's new Layout Tool
provides an interactive design environment
for part selection, layout and signal chain
analysis using X-MWnblocks. Featuring a
newly expanded library, automated wall
algorithms and robust export capabilities,
this tool streamlines the design process.

. Understanding RF
) Attenuators

Understanding RF Atenuators

I
{ 1| P w
Fac Darmsani, Pvscnss Marage mart Engrasr
RONOE 4 SONWARZ
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NEW PRODUCTS

FOR MORE NEW PRODUCTS, VISIT WWW.MWJOURNAL.COM/BUYERSGUIDE
FEATURING J)VENDORVIEW STOREFRONTS

DEVICES/
COMPONENTS/MODULES

Ultra-Low Loss Shielded Power
Inductors

Coilcraft’'s compact
XGL3020 Series
molded power
inductors offer the
lowest DC losses and
,\\\«\ extremely low AC
oS losses for a wide
range of DC-DC
converters, making them ideal for a variety
of applications where space is limited and
efficient power management is critical,
including various non-isolated converter
topologies, point-of-load, loT devices and
many others. Their 80 V voltage rating also
makes them suitable for wide Vin DC-DC
converters and applications. Additionally,
their AEC qualification ensures reliability and
robustness in automotive and other harsh
environments.
Coilcraft
www.coilcraft.com

RF and Microwave Switches

RF and microwave
switches offer
unparalleled control
and versatility for your
signal routing and
manipulation. These
switches offer fast
response time and low
insertion loss, ensuring optimal performance
in high frequency applications. With a compact
and robust connectorized design, it is the
ideal choice for aerospace applications.
ERZIA Technologies

www.erzia.com

2-Way Divider
\JVENDORVIEW

KRYTAR'’s technologi-
cal advances provide
excellent operating
performance of this
new 2-way unit. The
2-way divider exhibits insertion loss of < 1.2
dB across the full frequency range.
Maximum VSWR is 1.5. Input power rating is
10 watts with 2:1 load VSWRs. Units with
tighter amplitude and phase tracking
specifications can be supplied.

Krytar Inc.

www.krytar.com

Coaxial Switch

This DC to 26.5 GHz
SMA for your RF/

= microwave require-
ments has a VSWR of
1.6:1 maximum,
insertion loss of 0.6

dB maximum and isolation of 55 dB
minimum. Weatherproof models are
available.

Logus Microwave

www.logus.com

Phase Shifter
Y)VENDORVIEW

Quantic PMI Model
PS-360-DC-3 OPTION
618-15D-10BIT is a
10-Bit, digitally
controlled phase
shifter operating over
the 6 to 18 GHz
frequency range. This high speed phase
shifter has a range of 360 degrees, an
insertion loss of 12 dB, an accuracy of 8.5
degrees, a PM/AM of +2.5 dB, a carrier
suppression of 18 dB, a sideband suppres-
sion of 15 dB and a power handling of +20
dBm. This phase shifter has SMA female
connectors and is 1.85 x 1.75 x 0.50 in.
Quantic PMI

www.quanticpmi.com

Wireless Filters

VENDORVIEW

Reactel has an
|-;”" qxtenswe Ilbrar_y of
@ filters and multiplex-
ers for wireless
= applications. These
units cover all
aspects of a wireless system: antennas,
base stations, co-site interference,
repeaters, point-to-point radios or any other
function. These units are available in cavity,
discrete component, ceramic, suspended
substrate and tubular configurations.
Packaging styles range from low-cost,
drop-in to high-power connectorized and
offer the option of weather resistant
packaging for outdoor applications.
Reactel
www.reactel.com

50 GHz RF Switch

Teledyne HiRel

Semiconductors
e S announced the
availability of its
latest rad-tolerant
wideband 50 GHz RF
switch, model TDSWO50A2T. This switch
operates from true DC to 50 GHz, delivering
excellent RF performance down to zero
hertz, making this device ideal for many of
today’s complex space and defense
applications. It has been developed in a
150 nm pHEMT Indium GaAs process and is
available ina 1.15 x 1.47 x 0.1 mm die
ideal for hybrid assembly products.
Teledyne HiRel Semiconductors
www.teledynedefenseelectronics.com

Miniature Lumped Element Filters

Telonic Berkeley
miniature lumped
element filters include
highpass, lowpass,
bandpass, bandstop,
. diplexer, multiplexer
and filter bank filters from 10 MHz to 20
GHz. Bandwidth 1 percent to multi-octave,
surface-mount/connectorized package
options available for broadcast, telecommu-
nication, SATCOM, defense, IED jammers,
space-level and commercial.
Telonic Berkeley
www.telonicberkeley.com

Capacitors

\JVENDORVIEW

All SMT variants of
~< .
— . the aluminum
u & electrolyte and
aluminum hybrid
3 polymer capacitors
from Wirth Elektronik
are now available in
an extremely vibration-resistant version on
request. Thanks to their enlarged solder
pads and thicker base plate, the capacitors
can withstand acceleration up to 30 g (294
m/s?). Electronics must continue to function
reliably, even when exposed to strong
mechanical stresses. This is the case with
electronically controlled tools, industrial
applications, construction machinery or
drones, for example.
Wiirth Elektronik
www.we-online.com

CABLES & CONNECTORS

1.0 mm Test Cable Assemblies

\JVENDORVIEW

Pasternack launched
its new 1.0 mm test
cable assemblies.
These cables deliver
exceptional perfor-
mance in high frequency environments up to
110 GHz, addressing the critical needs of
industries such as telecommunications,
aerospace and defense, where precision
and durability are paramount. The new line
is designed for rigorous testing applications,
offering signal clarity and robust perfor-
mance even in the most challenging
conditions.

Pasternack

www.pasternack.com

Vertical Launch 0.8 mm
Connectors

WithWave’s vertical launch 0.8 mm connec-
tors are specially designed for solderless
vertical PCB launch on test and measure-
ment boards. These connectors have

MWJOURNAL.COM m MARCH 2025
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excellent electrical
transition perfor-
mance up to 145
GHz, respectively,
as well as reduce
installation time by
eliminating soldering.

withwave co., Itd

www.with-wave.com
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.\ep e

AMPLIFIERS

4 KW Solid-State C-Band Pulse
Amplifier
JVENDORVIEW

¥

Exodus Advanced
Communications’
AMP2083P-4KW
Pulse Amplifier is
designed for pulse/
HIRF, EMC/EMI
Mil-Std 461/464 and
radar applications. Providing superb pulse
fidelity and up to 150 usec pulse widths.
Duty cycles to 10 percent with a minimum
66 dB gain. Available monitoring parameters
for forward/reflected power in watts and
dBm, VSWR, voltage, current, temperature
sensing for outstanding reliability and
ruggedness in a compact 10U chassis.
Exodus Advanced Communications
www.exoduscomm.com

Wideband, 0.01 - 20 GHz Low
Noise Amplifier

Z-Communications
Inc. announced the
AWB1022A wideband,
low noise amplifier
spanning frequencies
from 10 kHz to 20
GHz. The AWB1022A
is a new product in Z-COMM'’s ever-expand-
ing offerings in the low noise amplifier
space for applications varying from test and
measurement, lab bench and prototyping.
The AWB1022A low noise amplifier
complements Z-COMM'’s products in the RF
frequency chain and compliments the
company’s existing frequency sources, such
as the SSG22645LX wideband frequency
synthesizer (45 MHz to 22 GHz) and family
of phase locked oscillators.
Z-Communications Inc.

www.zcomm.com

SYSTEMS & SUBSYSTEMS

RF System-On-Module
\JVENDORVIEW

The ADRVO009-ZU11EG is a highly
integrated RF system-on-module (RF-SOM)
based on dual Analog Devices ADRV9009
wideband transceivers. When combined with
the ADRV2CRR-FMC
carrier board, this
hardware platform can
be used for prototyp-
ing and reducing time
to market for
application-specific designs, offering four Tx

MW]JOURNAL.COM m MARCH 2025

and Rx RF channels. With the AD-FMCOM-
MSS8-EBZ a customer can extend this
system to eight Tx and Rx RF channels.
Analog Devices

www.analog.com

SOURCES

Phase Locked Dielectric Resonator
Oscillators

Y)VENDORVIEW

Quantic MWD, a
business of Quantic
Electronics, an-
nounced the launch of
its new Whisper
Series phase locked
dielectric resonator oscillators (PLDROSs).
The new Whisper Series PLDROs are
designed to deliver low phase noise
performance and exceptional frequency
stability, providing industry-leading perfor-
mance in even the harshest environments.
With fully customizable options — including
phase locked loops and tuning — Whisper
Series PLDROs meet and exceed the most
stringent system requirements.

Quantic MWD

www.quanticmwd.com

ANTENNAS

UWB 5G External Antennas

Quectel Wireless
Solutions has
introduced three new
5G terminal mount
antennas. The
antennas, the
YECTOO2W1A, YECT102WAAH and
YECT103WT7AH, offer high gain and
efficiency as well as simplified design and
deployment flexibility. All three antennas
offer robust, ultra-wideband external 5G
capabilities and backed by Quectel’s
comprehensive antenna design support.
This includes simulation, testing and
manufacturing for custom antenna solutions
to meet customers’ specific application
needs. Quectel’s regional R&D centers are
located to ensure quick responses to
customer requirements.

Quectel Wireless Solutions
www.quectel.com

TEST & MEASUREMENT

Noise Figure Measurement Service

YVENDORVIEW

~ Utilizing in-house
developed and
calibrated noise
sources, Eravant
offers noise figure
measurement
services for amplifiers
== and receivers
operating up to 320 GHz. The noise sources
used are calibrated using reference
terminations cooled with liquid nitrogen.
Industry-standard noise analyzers are
combined with custom frequency extenders
to yield accurate noise figure measurements.
Eravant

www.eravant.com

Spectrum Analyzers

Saelig Company Inc.
has introduced the PX
Series real-time
spectrum analyzers
with three models in
the series: PXN-400
(9 kHz to 40 GH2z),
PXE-200 (9 kHz to 20 GHz) and PXE-90 (9
kHz to 9.5 GHz). With a superheterodyne
receiver design and multi-segment prese-
lected filtering, the PX Series offers an
attractive combination of size, performance
and cost. RF measurements and analysis
from 9 kHz up to 40 GHz can now be carried
out in a robust, compact instrument.

Saelig Company Inc.

www.saelig.com

MICRO-ADS

Es MICROWAVE LLC.

- ows

Since 1985 we have offered our custom
design filters and sub-assemblies in
combline, interdigital and
suspended-substrate technologies.

Broadband

Suspended-Substrate
Filters, Diplexers, Triplexers, Quadruplexers,
Quintuplexers, Sextuplexers

DC-40 GHz Filters
Multiplexers &
Switch Filter Banks

ES Microwave, LLC

8031 Cessna Avenue, Gaithersburg, MD 20879
P:301-519-9407 F: 301-519-9418
www.esmicrowave.com

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

» Super low noise RF
amplifiers

» Broadband low noise
amplifiers

# Input PIN diode protected low
noise amplifiers
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Chipless RFID

Reviewed by: Ajay K. Poddar

Chipless RFID Systems Using Advanced Artificial Intelligence

By: Larry M. Arjomandi and Nemai Chandra Karmakar

his book is a comprehensive

I guide to developing hybrid
mmWave chipless RFID systems.

It encompasses chipless tags, reader
hardware and detection algorithms
that employ advanced image process-
ing and ML techniques. This book dis-
tinguishes itself from existing literature
with six chapters exploring a broad
range of relevant topics. Each chapterin
this book is structured to provide techni-
cal depth and accessibility, making it a
valuable resource for engineers and re-
searchers working on mmWave chipless
RFID technologies. Readers will discov-
er how to utilize cutting-edge Al detec-
tion techniques and cloud computing to
significantly lower costs. Commencing
with foundational concepts, the book
equips readers with the necessary back-
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ground to create chipless tag signatures
that can be printed on standard plastic
substrates. The book introduces cost-
effective image construction methods
aimed at reducing detection errors, to

Bookenc

rithms, this book serves as an invaluable
resource for industry engineers, design
professionals and academic researchers
alike. The inclusion of practical Q&A sec-
tions at the end of each chapter further

enhance overall system reliability. A key
focus is on side-looking aperture radar
(SLAR), where deep learning techniques
improve the safety of chipless detec-
tion. The text emphasizes three princi-
pal areas of system development: tag

enhances the reader's understanding of
the content.

design, reader design and formulating 9781630819484
appropriate decoding algorithms. 240
Each chapter is rich with practical
design examples, ensuring that read-
ers can apply the concepts to real-  Artech House (2023)

us.artechhouse.com

world applications. With its emphasis
on the mmWave band and a hands-on
approach to designing chipless tags,
reader hardware and detection algo-

Substrate Integrated Waveguides thoroughly outlines the
working principle, design rules and fabrication procedures of SIW,
and several novel design concepts for implementing antennas and
passive and active circuits using SIW technology.

P Focuses on using substrate-integrated waveguides for
designing antennas, antenna arrays, filters and other parts of a
modern transceiver.

P Understand how to leverage SIW for developing advanced
microwave and millimeter-wave systems.

P Covers basic communication principles to the intricate design
of SIW-based circuits and systems, ensuring that the reader

is equipped with the necessary knowledge to innovate in this
rapidly evolving field.

P Provides the tools and insights necessary to contribute to
the next generation of communication systems, particularly in
terms of 5G and future technologies.

Targeted at RF engineers, academic researchers, and post-
graduate students, this book stands out by offering a holistic
perspective on SIW technology. It goes beyond just the basics,
integrating both theoretical foundations and practical design
approaches. This book serves as an essential resource for those
seeking to master SIW technology.

To learn more, please visit:
https://us.artechhouse.com/
https://uk.artechhouse.com/

ARTECH HOUSE

BOSTON|LONDON
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Infineon IR HiRel Pioneers Advancing Power Management Technologies

the electronics industry with a legacy of innovation.

The company was established in the U.S. in 1947, pri-
marily as a power management technology company. Since
the 1950s, what became known as IR HiRel has been a
pioneer in power management technology. In 1954, IR
HiRel commercialized germanium rectifiers and they cre-
ated the first silicon-based rectifierin 1959.1n 1974,
the company developed the first power and Darlington
transistors, which used glass passivation. In 1979, IR
HiRel introduced the first hexagonal power MOSFET. They
followed that development with the first intelligent power
integrated circuit in 1983, and in 1987, the company
designed the first rad-hard MOSFET.

In 2015, Infineon Technologies acquired IR in a deal
that provided synergistic benefits for both companies.
Infineon is a global leader in semiconductor technol-
ogy and acquiring IR allowed it to broaden its product
offerings and increase its footprint in high-growth
markets, including automotive, industrial and consumer
electronics, where power efficiency is a critical factor.
IR had made significant investments in GaN and SiC
power technologies, so this acquisition positioned In-
fineon as a leader in wide-bandgap semiconductor ma-
terials. From the IR standpoint, they had a significant
presence in North America, which helped Infineon, but
IR benefited from Infineon’s global reach and broader
market presence and this gave the IR HiRel products
access to new markets.

While the combined company maintains facilities
around the world, it operates in several locations
across the U.S., with a key manufacturing facility in
Leominster, Mass., not too far from the Microwave
Journal corporate offices. The Leominster site houses
HiRel R&D and Operations with annual production vol-
umes of approximately 200,000 to 500,000 pieces

nternational Rectifier (IR) is a well-recognized name in

130

per year. These hermetic devices consist primarily of
discrete power products. Because of the unique nature
of these devices and the harsh environments they oper-
ate in, the facility is certified by the Defense Logistics
Agency to meet MIL-FRF-19500/MIL-STD-750, MIL-
PRF-36534/MIL-STD-653 and MIL-PRF-386535/MIL-
STD-653 quality standards.

In addition to decades of contributions to develop-
ing products and advancing the state-of-the-art in
power management, IR HiRel is probably best known for
their world-leading radiation-hardened power products
that have been part of America’s quest to explore the
universe for over 50 years. Space and other harsh
environment applications create challenges for system
designers. Electronics in these systems must be able
to withstand severe thermal, mechanical and radiation
conditions with expected lifespans measured in de-
cades. To meet these challenges, Infineon offers a port-
folio of high-reliability, rad-hard memory, power and RF
solutions for extreme conditions, such as those found in
space, aviation, defense and other extreme environment
industries. The portfolio includes secure, rad-hard and
high-reliability memories; high-reliability and rad-hard
power MOSFETs and ICs; RF and microwave transistors
and diodes; rad-hard solid-state relays; space Schott-
kys and rectifiers; custom high-reliability solutions
including die and wafer sales, extreme environment
solutions; custom-screened products and RF foundry
services.

From their earliest roots in IR as pioneers advancing
power management technologies on spacecraft from
Voyager 1 to today, IR HiRel and now Infineon power
products continue to enable humankind to explore the
far reaches of the universe.

www.infineon.com/hirel
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ubstrate  integrated = waveguide

(SIW) filters based on the theory of

mixed cross-coupling improve se-

lectivity. With the introduction of
slots on the top metal plane of two adja-
cent SIW cavities, electric coupling (EC) and
magnetic coupling (MC) can be separately
controlled by adjusting the slot widths and
the inductive window, producing a control-
lable transmission zero above or below the
passband. High-selectivity filters with multi-
ple controllable transmission zeros (TZs) can
be implemented by cascading the structure
or combining it with a coplanar waveguide
(CPW). Three prototypes have been de-
signed, fabricated and measured. Measure-
ments verify the predicted selectivity.

SIW technology is widely used in micro-
wave and mmWave circuits for 5G and be-
yond 5G communications, automotive ra-
dars and satellite systems.! SIW antennas,
bandpass filters (BPFs) and multiplexers, as
indispensable constituent modules, are de-
signed for these systems. SIW BPFs are at-
tractive for their characteristic low loss, low
radiation, high-quality factor and high pow-
er-handling capability.?2 Over the past two
decades, much work has been done to im-
prove SIW filter tunability, ultra-wide band-
width performance, wide stopband perfor-
mance and selectivity.3-7

MWJOURNAL.COM m MARCH 2025

Elliptic or quasi-elliptic filters achieve
good selectivity, which enables superior
filtering characteristics. The synthesis of el-
liptic filtering functions can introduce finite
TZs by providing multiple coupling paths
between nonadjacent resonators, which
generates different phase shifts. Common
methods to realize elliptic or quasi-elliptic
filters are bypass coupling, cross-coupling
and source-load coupling. Filters employing
bypass coupling are restricted to inline to-
pologies.’® Cross-coupling produces phase
shift differences via EC with open slots'! or
S-shaped slots.1213 However, these struc-
tures reduce the surface current of the TE10
mode, which causes high radiation losses
and degrades the quality factor. Source-load
coupling can be unrealizable in some struc-
tures and it degrades isolation between the
ports as well.

Mixed coupling, in which EC and MC co-
exist, provides an effective choice for the de-
sign of quasi-elliptic filters because it can also
achieve dual-coupling paths to produce TZs
controlled by adjusting the mixed-coupling
coefficients between two adjacent resona-
tors. Mixed coupling has been used in filter
design, including open-loop structures and
rectangular waveguides.' It has emerged
in SIW filter structures in recent years. For a
multilayer structure, however, etching slots

133



TechnicalFeature

1

ai d

I

the simulation. The
filters exhibit good
selectivity, are low-
cost and are easy
to fabricate and in-
a» | tegrate with other
planar circuits.

MODELING AND
SIMULATION

Mixed Coupling

p

s
L3 £

A Fig. 2 Mixed coupling equivalent
circuit.
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A Fig. 3 Responses of mixed and
magnetic coupling structures.

introduce significant radiation losses,
degrade structural shielding and re-
duce the quality factor.1>:16

To solve these problems, new
types of multiple TZ SIW filters with
controllable mixed EC and MC are
introduced in this work. First, a quasi-
elliptic filter is designed using mixed
coupling to realize high selectivity.
Two more filters are then introduced
that combine a mixed-coupling
structure with CPW. It is shown that
the TZs can be controlled and locat-
ed below and above the passband
corresponding to MC or EC domi-
nance, which increases design flex-
ibility. Prototype filters are designed,
simulated and fabricated. Measured
results show good agreement with
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A Fig. 1 SIW filter structure with mixed coupling.

Figure 1 shows
the structure of a
mixed-coupling fil-
ter. It consists of two parts: the first
is a second-order SIW filter produc-
ing MC with an inductive window
and the second part introduces EC
by etching three slot lines on the
top metal plane. MC is controlled
by adjusting the width of the induc-
tive window, g, while the width of
slots, w, the length of slots, /, and
the distance between slots, s, deter-
mine EC strength. Therefore, mixed
coupling is created by coexistent
EC and MC. The equivalent mixed-
coupling circuit is shown in Figure

In addition, like the CPW filter
described by Su et al.,7 the three
slots almost do not have an open
end perpendicular to the direction
of the surface current of the TE101
mode. There is little radiation loss
and no degradation of the structural
shielding or quality factor.

Now, the coupling mechanism
can be explored. The mixed-cou-
pling coefficient, k, can be extracted
as shown in Equation 1:

2
k = Q)odd'wgven _ Mc-Ec
- 2 - -
Wodd + Cl)gven T-McEc

Me =4 E =& (1)

Where w4y and g, represent
the odd-mode and even-mode
resonant frequencies and M. and E_
are the coefficients of MC and EC,
respectively.

The relationship between the
resonant frequency, og = (LC)"2 and
the TZ frequency, w,, = (L,,C,) 2, is
shown in Equation 2:

WOm _ Ec )

wo Mc

When MC is dominant, o g4y >

® the coefficient k can be cal-
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A Fig. 4 Response of the mixed-
coupling structure with g (a), I (b), s (c)
and w (d).

culated from Equation 1 and k > 0.
When EC is dominant, w 4y has a
lower resonant frequency than w,, .,
and k < 0. The specific values of M,
and E_ can be extracted by combin-
ing Equations 1 and 2.

The responses of the mixed-cou-
pling structure and traditional magnetic
structure are plotted in Figure 3. Com-
pared with the traditional MC struc-
ture, a TZ can be produced in the

MWJOURNAL.COM m MARCH 2025



0.10 0
0.08 / -0.01 /
£ 006 / £ 002
i 2 /
L / & -0.03
3 004 g /
8 / 8 _0.04
2 o002 o /
5 /—/ £ 005
3
o 0 3 /
o /_/ 8 -0.06
-0.02 -0.07 /
-0.04 ; - : ; : -o.os/ P T T T
5 6 7 8 9 10 11 12 11.0 11.5 12.0 12.5 13.0 13.5 14.0 14.5 15.0
(@) w (mm) (b) s (mm)
0.030 0.025
0.025 0.020
£ ~ =
& 0.020 $ 0.015
S TN o N\
& 0015 £ 0010
o \ o \
O 0.010 S 0.005
o \ ) \
£ 0.005 £ 0
3 3
3 0 3-0.005
O \ O \
-0.005 \ -0.010
-0.010 N -0.015
-0.015 l l l l l l l -0.020 l l l l l l l
0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60
(c) w (mm) (d) s (mm)

A Fig. 5 Coupling coefficient of the mixed coupling structure as a function of g (a), /
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A Fig. 6 External quality factor Q, versus w,, and [,

A Fig. 7 Inline quasi-elliptic filter based on mixed coupling.
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lower band when
MC dominates the
mixed coupling
(MCM) and a TZ
can be created in
the upper band
when EC domi-
nates the mixed
coupling (MCE).
Figures 4a to
4d show how the

response of the
mixed-coupling
structure varies

with g, |, s and w.
The dominance of
the mixed coupling
(MCM or MCE) and
the TZ can be con-
trolled by adjusting

TechnicalFeature

these parameters. When g is varied
from 6 to 8.5, MCE changes to MCM
and the TZ moves from the upper
band to the lower band, as shown
in Figure 4a. Figure 4b shows that
| does not affect the dominant cou-
pling mechanism but changes the
TZ location; a longer | corresponds
with a lower om. Slot width, w, also
controls the coupling, as shown in
Figure 4c. When w is a small value,
MC is dominant; however, when w
increases to 0.6, EC dominates. As
shown in Figure 4d, as the distance
between slots, s, varies from 0.1 to
0.4, coupling changes from MCM to
MCE.

Filter Design

The coupling coefficient, k, of the
mixed-coupling structure, is extract-
ed from Figure 5. EC is dominant
when k < 0, while k > O represents
MC being dominant. The param-
eters g, |, s and w affect the value of
k, with the trends shown in Figure 4.
Figure 5 determines the initial filter
size.

Figure 6 shows the extracted
values of the external quality factor,
Q.. versus the physical dimensions,
w, and |_. It can be observed that
dz gradually decreases as w, and [,
increase.

Based on the mixed-coupling
structure, an inline quasi-elliptic fil-
ter with high selectivity is chosen for
prototyping. This is shown in Figure
7. The cascade of an MCM and an
MCE produces two TZs, one in the
upper band and the other in the
lower band.

Two high-selectivity filters with
multiple TZs, as shown in Figure
8, are also fabricated. The mixed-
coupling structure is combined with
CPW to form a hybrid structure.
There are three TZs in the upper
band when EC is dominant. When

| —| |

d P

A Fig. 8 Multiple transmission zeros filter based on mixed

coupling.
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A Fig. 9 Photograph of the prototype
mixed-coupling filters.

the MC is dominant, one TZ is in the
lower band and two TZs are in the

upper band.

MEASUREMENTS

The filters are fabricated on 0.787
mm Rogers RT/duroid 5880 with er
= 2.2 and tand = 0.0009. These are
shown in Figure 9. The dimensions
of the quasi-elliptic filter are listed
in Table 1. Measurements are per-
formed with an Agilent N5227A
network analyzer and an Anritsu test

fixture.

TABLE 1 Measured re-
QUASI-ELLIPTICAL FILTER DIMENSIONS sults agree closely
Parameter Value (mm) Parameter Value (mm) with the simula-
tion as shown in
1 14 9 6.331 Figure 10. The
ay 14 wi/w, 0.2/0.3 center frequency
o 14 91/95 8.796/11.25 EaZ{Z)rgII—IZ ‘ggh déi
ay 14 h/l 14714 width of 11 per-
cent and zeros at
as 14.5 51/ 0.3/0.4 92 and 10.9 GHz.
o 1.5 d 0.6 The measured
6.265 o 1 insertion loss is

about 1.2 dB.
0 RN, fee The dimen-
—— |Su1| Simulated sions of the high-
|S21| Simulated selectivity ~ filters

----- |S11] Measured

with multiple TZs

-10 / _____ |S21] Measured
77T

are listed in Table

2. Measured re-
sults are shown in

=

Figure 11 (for the
MCE) and Figure

S-Parameters (dB)
Y
o

I
\)

12 (for the MCM).
The MCE filter pro-

i
\|
|

duces three TZs

STy
{

_40 L L L L L L

in the upper stop-
band and provides

90 92 94

Frequency (GHz)

9.6 98 10.0 10.2 104 10.6 10.8 11.0

good selectiv-
ity. The center fre-
quency is 9.7 GHz

A Fig. 10 S-parameters of the quasi-elliptic filter. with a fractional
bandwidth of 8
TABLE 2 percent and three
MULTIPLE TRANSMISSION FILTERS (MCM/MCE) zeros at 10.5, 10.7
DIMENSIONS and 10.9 GHz.
Value (mm) Value (mm) The measured
Parameter MCM/MCE Parameter MCM/MCE insertion loss is
m; 4.88/4.88 g 7/6 Ia\‘/lbgll\J/lt 111 dBH The
ilter has a
m2 ik / LA controllable TZ at
m3 1.5475/1.8958 s 0.3/0.4 9.4 GHz and two
wy 1/1 oy 14.5/14.5 additional TZs
at 10.6 and 10.8
w 6.9092/6.22685 oy 14/14 GHz. The center
w, 1.54/1.54 0.6/0.6 frequency is 9.8

w 0.2/0.3 1/1
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GHz, and the fractional bandwidth
is 8 percent. The measured inser-
tion loss is about 1.1 dB.

Compared to other similar work
shown in Table 3, the proposed
three filters have good character-
istics with greater flexibility. The
quasi-elliptic filter, which has al-
most no radiation loss, does not
degrade structural shielding or the
quality factor. The MCE and MCM
filters further increase the number
of TZs, which can be controlled
by adjusting the mixed coupling.
Design flexibility and selectivity
are improved. As inline structures,
these filters can all be used as uni-
versal SIW filter modules to realize
high selectivity.

CONCLUSION

Three high-selectivity filters are
designed based on a mixed-cou-
pling structure. The center frequen-
cy of the quasi-elliptic filter is 9.9
GHz with a fractional bandwidth of
11 percent and two TZs at 9.2 and
10.9 GHz. The measured insertion
loss is about 1.2 dB. Compared with
traditional Chebyshev filters, it ex-
hibits improved selectivity. The cen-
ter frequency of the MCE filter is 9.7
GHz with a fractional bandwidth of
8 percent and three zeros at 10.5,
10.7 and 10.9 GHz. The measured
insertion loss is about 1.1 dB. It
produces three TZs in the upper
stopband for improved selectivity.
The MCM filter also demonstrates
high selectivity with a controllable
TZ at 9.4 GHz and another two TZs
at 10.6 and 10.8 GHz. Its center fre-
quency is 9.8 GHz with a fractional
bandwidth of 8 percent. The mea-
sured insertion loss is about 1.1 dB.
The proposed filters are suitable
for integration with other planar RF
components due to their compact
sizes, good selectivity, low-cost and
ease of fabrication. B
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Slotline Radial Stubs Improve
the Bandwidth of Balun
Bandpass Filters

Yubo Wang, Mi Lin and Guohua Liu
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he bandwidth of an ultra-wideband,

high-selectivity balun bandpass fil-

ter (BPF) is improved by using slot-

line radial stubs. At the same time,
selectivity is enhanced with a short-circuit
microstrip stub at the input port. The center
frequency of the design is 7.93 GHz with a
relative bandwidth of 131 percent. Phase im-
balance (Pl) within the passband is less than
180 + 5 degrees, with amplitude flatness bet-
ter than 0.5 dB. Transmission zero depth at
the cutoff frequency is less than -40 dB.

Balun BPFs can achieve balanced-to-un-
balanced conversion and filtering functions
while meeting miniaturization requirements.
Balun BPFs are widely used in RF communi-
cation systems. They find use in components
like antennas? and push-pull power amplifi-
ers.2 To be useful in multiple applications,
the bandwidth of these devices is usually
designed to be very broad.

In recent years, various broadband and
ultra-wideband balun filters have been
proposed. A branch-line broadband balun
BPF was designed by introducing a quarter-
wavelength shorted stub at one of its out-
put ports.3 A branch-line balun based on an
entirely artificial fractal-shaped composite
right/left-handed transmission line (CRLH
TL) further improved bandwidth.4

Balun BPFs designed with slotline-mi-
crostrip composite structures can maintain
excellent phase and amplitude balance over
a wide passband. Tseng and Hsiao® showed
that a broadband Marchand balun based on
slot-coupled microstrip lines can improve
bandwidth by enhancing the coupling coef-
ficient of the top and bottom quarter-wave-
length coupling lines.> Chen et al.6 demon-
strated a wideband balun filter based on a
triple-mode slotline resonator with control-
lable bandwidth.

A compact wideband filtering balun
based on stacked composite resonators can
reduce the size of a balun filter while ex-
panding its bandwidth.” However, expand-
ing the bandwidth often decreases selec-
tivity. A new slotline-to-microstrip transition
dual-mode balun BPF has been proposed to
improve balun BPF selectivity by changing
the resonant structure and generating four
transmission zeros outside the passband.®
However, this structure cannot be designed
for wideband balun BPFs.

To achieve the wide bandwidth and high
selectivity, Zeng et al.? proposed a dual-band
balun filter. This filter is based on a novel
slotline multi-mode, T-line-loaded, middle-
shorted, complementary split-ring resonator
(TLMS-CSRR). Coupled with t-shaped and
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impedance  trans-

Port 2

_________

Circuit
Stub

formation and an
input  short-circuit
stub for matching.
First, the slotline
radial stub struc-
ture is analyzed.

Gradient
Line

Slotline
Radial Stub

Ground Plane
Microstrip Line

lts equivalent s
approximated as a
short-circuit  stub,
which simplifies the
calculation  when
analyzing the fre-

T=— L e = =7

==
I
1
1
1
T
I
I
I
[1 P

Port 3

(a)

__________________

7 Slotline
Radial Stub

(b)

quency response.
Five transmission
poles (TPs) are
designed  within
the passband to
improve transmis-
sion performance.
Then, the matching
circuit is designed
and optimized
with an impedance
transformation of a
short-circuit ~ stub.
In addition, a short-
circuit stub of ap-
propriate  length
generates a trans-
mission zero at the

A Fig. 1 UWB balun BPF circuit configuration (a) and

equivalent circuit schematic (b).

n-shaped slotline stubs as the input
and output microstrip-slotline transi-
tion structures, respectively, design-
ers have realized devices with high
rejection between two passbands
and at harmonic frequencies.

Uniplanar, wideband, high-se-
lectivity, full-band isolation baluns
using two different types of out-
of-phase matching phase shifters
were also proposed by Wang et
al.’0 To obtain high selectivity, half-
wavelength open-circuit stubs were
introduced. However, there is still
room for improving selectivity and
expanding the bandwidth.

In this work, slotline radial stubs
are used to achieve ultra-wide band-
width and high selectivity with an

cutoff  frequency,
which  improves
balun selectivity. Fi-
nally, the design is verified through
prototype testing.

ANALYSIS AND DESIGN

The design employs a slotline
radial stub structure, as shown in
Figure 1a. This enhances the fil-
ter's resonance depth and reduces
insertion loss while expanding the
bandwidth. The slotline radial stub
structure is equivalent to cascading
terminally-grounded  transmission
lines. The coupling between mi-
crostrip and slotline is comparable
to a transformer with the circuit dia-
gram shown in Figure 1b.1

Slotline Radial Stub Analysis
The slotline radial stub in Figure

TechnicalFeature

1b is represented by a two-port
network. The cascading connection
of the three sections forming the
stub is shown in Figure 2a. The four
ports are defined as P, through P,
for subsequent analysis. The ABCD
matrix of the transmission lines is
given by Equation 1:

cosl; jZisinb,;

sind
% cos b;

Then, the ABCD matrix of the
cascaded two-port network s
shown in Equation 2:

A B

c D]=I\/I2M3I\/lz= (2)

cos(202+ 63) jZ1sin(262+ 03)

jsin(2§2+03) cos(2602+ 03)
1

M, = i=2,3 (1)

As shown in Figure 2b, P; and P,
in Figure 2a are grounded together.
The current and voltage expressions
of the two-port network shown in
Figure 2b are described in Equation
3 and Equation 4:

Vi = AVz-Blp (3)

lh=CV2-Dl (4)

The ideal transmission line has
no loss. This means the input cur-
rent, I;, of P; and the output cur-
rent, I, of P, are equal in magnitude
(I; =-I5). Therefore, the current and
voltage relationship between P,
and P, is shown in Figure 2c. The
current is I4 and the voltage is the
difference between V, and V,. The
equivalent impedance is described
in Equation 5:

Vi-V
o h )

Zr
Combining Equations 3, 4 and 5
yields the expression in Equation 6:

Zr:(A-1)((:1-D)+B

(6)

Substituting A, B, C and D from
Equation 2 into Equation 6 yields
the equivalent impedance of the
slotline radial stub, as shown in

I2 l4
«—o"P2 P1to—p
V, V1=V,
- P
Pq

M, Ms; Mo I
Z1,02 Z1,03 Z41,02 P1*o—
oH H-oH -0 o vi
Py P2
oH H-oH H-0-H o o
P Pa
(a) (b)

1IH

(c)

A Fig. 2 Slotline radial stub (a), two-port network (b), and current/voltage relationship between P; and P, (c).
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A Fig. 3 Simplified transmission line equivalent circuit (a), odd-mode equivalent circuit (b), and even-mode equivalent circuit (c).

Equation 7:

Zr :j221 tan 6’I’ (7)

Where: 6, is described in Equa-
tion 8:

_202+03

0r 3 (8)

Equation 7 implies that the slot-
line radial stub is equivalent to a
short-circuit transmission line with
an electrical length of 6, and char-
acteristic impedance 2Z; when con-
ducting frequency response analy-
sis. This equivalence simplifies the
analysis.

Ultra-Wideband Balun BPF
Frequency Response

For a simple and concise synthe-
sis procedure, the transformer can
be treated as a short circuit.’? Fig-
ure 3a shows a simplified equiva-
lent circuit of the ultra-wideband
balun BPF. Since the change of the
input and output electrical lengths,
8, does not affect the frequency re-
sponse, let 6y = 0,. The equivalent
circuit is symmetric, so it can be
further simplified using even-odd
mode analysis. The odd mode im-
pedance of the circuit is shown in
Figure 3b and described in Equa-
tion 9:

Zino =jZO (9)
k+<tan%—%€r>(cot0t—tan 0+)
2<tan%—%€r>+ ktan 6

The even mode impedance of
the circuit shown in Figure 3c is de-
scribed in Equation 10 as:

-k +<cot% + %tgr)(cot O+ -tan )

2<cot% + %&) - ktan 6:

Where: k is described in Equa-

140

tion 11 as:
_Z1
k = Z (11

Based on Equations 9 and 10, Sy,
of the equivalent circuit of Figure 3a
can be expressed as shown in Equa-

tion 12 ZineZino - Z%
S = (Zne + Z0)( Zino + Z0)

Five TPs are placed within the
passband to ensure low transmis-
sion loss. Figure 4 compares the
calculated and simulated S-param-
eters. Five TPs are generated within
the ultra-wideband range.

(12)

Improving the Transmission
Performance and Selectivity

The previous section simplifies
the slotline radial stub, treating it
as a short-circuit stub for ease of
analysis. However, the slotline radial
stub structure offers more flexibility.
It allows adjustments of 6, and 63 to
achieve better performance in com-
bination with an impedance trans-
formation and input open-circuit
stub.

Full-wave electromagnetic field
simulations of the ultra-wideband
balun BPF with different configura-
tions are shown in Figure 5. Con-

transformation is added and a gra-
dient line is used for the connection.
The TPs are weakly excited. Config-
uration D represents the final design
with the addition of an open-circuit
stub. In this design, all five TPs are
strongly excited. The introduction
of an input open-circuit stub not
only improves the transmission per-
formance of the ultra-wideband bal-
un BPF, but also allows control over
its passband width and selectivity.

Figure 6 shows the influence of
different lengths of the short-circuit
stub on transmission zeros at the cut-
off frequency. The simulation results
indicate that a short-circuit stub with
a length of 1.74\ improves selectiv-
ity. It also shows that the resonance
depth at the transmission zero is be-
low -40 dB.

RESULTS AND DISCUSSION

A prototype has been construct-
ed on a substrate with a thickness of
0.762 mm, a relative permittivity of
3.66 and a loss tangent of 0.0037.
The layout is shown in Figure 7,
with the following dimensions: L
=20 mm, W, = 0.46 mm, R, = 6.7
mm, 6, = 100 degrees, L, = 6.2
mm, W, = 1 mm, Ly = 2 mm, Wy

figuration A is the

slotline-microstrip
line structure with-

60

out the radial stubs.

TP5 is not excited
effectively and the

|

N

o
e

20

resonance depths
of the other TPs are

(N

o
(ap) |*'s| perenojen

shallow. Configura-
tion B adds slotline

Simulated [S14| (dB)
b
)

-20
v -40

radial stubs. TP,
is excited, but the

—_—

-60

other TPs are not 2 2
adequately excited.
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Frequency (GHz)

In  Configuration
C, an impedance

A Fig. 4 Comparison of simulated with calculated [S4|.
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=1.1mm, L, = 2.3 mm and L, = 2 mm. Photographs of
the prototype are shown in Fqigure 8.

Measurements are in good agreement with electro-
magnetic simulation in the frequency range of 1 to 15
GHz. The center frequency is 7.93 GHz, with an abso-
lute bandwidth of 10.38 GHz and a relative bandwidth
of 131 percent. Five TPs are shown in Figure 9a, which
is consistent with the model. The measured amplitude
imbalance (Al) is -0.39 to 0.50 dB and the PI, shown

0fF— Condition A

—
@ -10 \ 7\ — 'J]_
2\ \VARR
9 _30 v
a0 . . . . . . |
2 4 6 8 10 12 14
Frequency (GHz)
O~ Condition B
%* -10 N \\ //\/
= 20
9 _30
-40| ) ) ) ) ) )
2 4 6 8 10 12 14
Frequency (GHz)
o Condition C
_ag _10 \/-\v \//—
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A Fig. 5 [Sq4] versus frequency for different balun
configurations.

0

[S21] (dB)

v 1.64 x \
P 1.74 x \

1.85 x A

-50 | | |
1.2 1.4 1.6 1.8 2.0

/fo

A Fig. 6 The influence of different lengths of short-circuit
stubs on transmission zeros at the cut-off frequency.
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A Fig. 7 Ultra-wideband balun BPF prototype layout.

in Figure 9b, is
within 180 = 5 de-

grees.

Table 1 pro-
vides a perfor-
mance compari-

son of this work
with other de-
signs. This design
achieves the high-
est absolute band-
width, from 2.74
to 13.12 GHz
Furthermore, it
demonstrates ex-
cellent selectivity,
with a transmis-
sion zero depth at
the cutoff frequen-
cy of less than -40
dB.

CONCLUSION
The use of a
slotline radial stub
structure is a new
approach for the
design of an ultra-
wideband balun
filter. The fre-
guency response
characteristics of | (b)

the slotline radial A Fig. 8 Photograph of the UWB balun
stub are analyzed BPF: top view (a) and bottom view (b).
and determined

to provide superior resonance effects. Additionally, the
introduction of an input short-circuit stub enhances se-
lectivity by generating transmission zeros at the cutoff
frequency. Prototype test results are in good agree-
ment with the simulation, verifying the effectiveness
of the slotline radial stubs for improving in-band trans-
mission and the input short-circuit stub for enhancing
selectivity. B
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