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Perform tests in a combined
thermal and RF-shielded chamber

ireless and satcom devices must perform reliably across both extreme thermal conditions and

congested RF environments — simultaneously. Yet the industry has traditionally treated

temperature testing and RF-isolated testing as separate disciplines, performed in separate
chambers at separate stages of validation. This paper argues that integrated test environments —
combining precision temperature control with high-performance RF shielding in a single enclosure — are
not just convenient but essential for accurate, efficient, and comprehensive validation of wireless and
satcom devices.

Introduction

Two truths define wireless device testing:

- Every component in the RF signal chain — amplifiers, oscillators, filters, antennas, even PCB
substrates — behaves differently at —-40°C than at +85°C.

«  Without electromagnetic isolation, test results reflect the lab environment as much as the device
under test.

These are not independent problems. A device's thermal behavior can only be accurately characterized
when the RF environment is controlled. And RF measurements are only meaningful at the temperatures
the device will actually encounter in the field.

Despite this, many test programs still separate the two: RF characterization happens in a shielded
enclosure at room temperature, and thermal testing happens in a temperature chamber with no RF
isolation — or with makeshift shielding that degrades at temperature extremes. The result is an
incomplete picture of device performance, with thermal-RF interaction effects going undetected until field
deployment.

Integrated shielded temperature chambers eliminate this gap. They enable simultaneous thermal and RF
testing in a single controlled environment — and for applications like satellite communications, where link
budgets are razor-thin and operating environments are extreme, this integration is not a luxury but a
necessity.
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The Case for Integration: Why Separate Chambers Fall
Short

Thermal-RF Interactions Are Coupled, Not Independent

The effects of temperature on wireless performance are not simple offsets that can be characterized
separately and added together. They are coupled, nonlinear, and often surprising:

PA compression shifts with temperature. A power amplifier's 1 dB compression point varies with
temperature, but so do its gain, impedance match, and thermal dissipation characteristics. At high
temperature, the PA may enter a feedback loop — reduced efficiency generates more heat, which further
degrades efficiency — that cannot be observed unless the device is operating in its actual thermal
environment.

Figure 1 below quantifies this effect. Measured data show a ~3 dB drop in small-signal gain (S21) and a
~4.5 dBm drop in the P1dB compression point across the —40°C to +85°C range. Characterizing a PA at
room temperature alone misses these compounding degradations entirely.

Power amplifier gain and P1dB compression point vs. temperature
Both small-signal gain and 1dB compression point fall at higher temperatures — PA linearity degrades, distortion increases
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Figure 1. Power amplifier gain (S21) and 1 dB compression point (P1dB) vs. temperature. Both metrics degrade at high temperatures, resulting in a
nonlinear performance loss that is only measurable in an integrated thermal-RF environment.

Oscillator pulling under thermal transients. Frequency drift is not just a function of steady-state
temperature — it depends on thermal gradients within the device, the rate of temperature change, and
the interaction between the oscillator and adjacent heat-generating components. Static temperature
testing at discrete points misses these dynamic effects.

Figure 2 illustrates the scale of this problem across oscillator types. An uncompensated crystal oscillator
(XO) can drift by hundreds of ppm across the commercial temperature range — visible as the dashed

gray curve sweeping across the chart. Even a temperature-compensated XO (TCXO), which is 10—100x
more stable, exhibits dynamic frequency pulling during rapid thermal transients. The log scale reveals all
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three types simultaneously, underscoring why oven-controlled XO (OCXO) grade components are used in
satcom ground stations and precision timing applications.

Crystal oscillator frequency drift vs. temperature — log scale

Log scale on y-axis allows all three oscillator types to be visible simultaneously. OCXO is 4,000 more stable than an
uncompensated XO.
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Figure 2. Crystal oscillator frequency deviation vs. temperature on a log scale. The uncompensated XO drifts +200 ppm; TCXO improves to +2 ppm;
OCXO to +0.05 ppm. Testing at a single temperature point misses the dynamic pulling behavior that occurs during thermal transients.

Antenna detuning compounds with PA degradation. If the antenna shifts in resonant frequency due to
substrate dielectric changes at high temperature, and the PA simultaneously loses gain, the combined
effect on radiated power may be far worse than either effect alone. This can only be measured in an
integrated thermal-RF environment.

Receiver noise figure and interference susceptibility. At elevated temperatures, LNA noise figure
increases — but so does the thermal noise floor of the device's own circuitry. In a non-shielded
environment, these internal effects are masked by ambient interference, and the true degradation in
sensitivity goes unmeasured.

Figure 3 quantifies this precisely. LNA noise figure increases by 0.005-0.015 dB/°C due to rising thermal
noise in the transistor channel. The right-axis delta series shows that relative to a 25°C room-temperature
baseline, NF is ~0.7 dB better at -40°C and ~0.9 dB worse at +85°C — a nearly 1.6 dB swing across the
full commercial range. For a satcom link with only 3-5 dB of margin, this swing alone can determine
whether the link holds or fails.
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LNA noise figure and delta vs. 25°C baseline
Left axis: absolute NF (dB). Right axis: NF increase above 25°C reference — shows how much sensitivity is lost at each

temperature extreme.
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Figure 3. LNA noise figure (left axis, absolute dB) and delta vs. 25°C baseline (right axis) across the commercial temperature range. The ~1.6 dB total
NF swing directly degrades receiver sensitivity at both temperature extremes.

Workflow Inefficiency
Beyond technical accuracy, separate chambers create workflow problems:

* DUT handling between chambers introduces mechanical stress, potential ESD damage, and
lost time reconnecting cables and re-establishing test configurations

* Thermal state is lost during transfer — moving a cold-soaked DUT through ambient air to a
shielded enclosure changes its temperature before measurements can be taken

* Test time doubles or triples when thermal cycling and RF measurement must be performed
sequentially rather than simultaneously

* Correlation across separate test setups is unreliable — different cable assemblies, connector
interfaces, and fixture configurations introduce systematic errors that confound thermal vs. RF
attribution

The "Shielded Box Inside a Chamber" Compromise

Some teams attempt to address this by placing a conventional temperature chamber inside an RF-
shielded room/box (or vice versa). This approach has significant limitations:

* Shielding performance degrades at temperature. Gasket materials, contact surfaces, and
enclosure dimensions change with temperature. A shield that provides 80 dB at 25°C may provide
only 50 dB at —40°C due to gasket stiffening and thermal contraction of seams.
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* Thermal uniformity is compromised. The shielded box creates a thermal barrier, leading to
poor temperature uniformity inside the RF-isolated volume. The DUT may see a different
temperature than the chamber setpoint.

* Size constraints. Nesting enclosures wastes internal volume, often leaving insufficient space for
the DUT, cables, and any antenna fixtures required for OTA testing.

* Cable management becomes problematic. Routing RF-grade cables through both the thermal
chamber wall and the inner shielded enclosure introduces additional loss, potential leakage
points, and mechanical failure modes.

Purpose-built integrated chambers solve all of these problems by designing the thermal and RF isolation
systems as a unified structure from the ground up.

Why Satcom Testing Demands Integration

Satellite communications impose some of the most demanding requirements for combined thermal-RF
testing. The physics of satcom links — and the environments in which satcom terminals operate — make
integration essential rather than optional.

Extreme Link Budgets

Satcom links operate with minimal margin. A LEO satellite user terminal communicating with a satellite
550 km away may have a link budget with only 3—5 dB of margin at the band edge. In these conditions:

* A 1-2dB drop in transmit power due to PA thermal derating can cause link failure

* A1 dBincrease in receiver noise figure at elevated temperature can push the system below the
demodulation threshold

* AO0.5dBincrease in antenna mismatch loss from thermal detuning, which would be negligible in a
terrestrial system, consumes a significant fraction of the available margin

These effects must be measured together, at temperature, with RF isolation, to determine whether the
terminal will maintain its link under real operating conditions.

Wide Operating Temperature Ranges

Satcom terminals operate in environments that span the full temperature spectrum:

Application Typical Operating Range
Maritime VSAT —25°C to +55°C
Aviation satcom -55°C to +70°C
LEO user terminal (outdoor) —-40°C to +60°C
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Military satcom (manpack) —-46°C to +71°C (MIL-STD-810)

Satellite payload components —65°C to +125°C (qualification)

These are not theoretical ranges — they represent the actual conditions under which the terminal must
acquire and maintain a satellite link. Testing at room temperature tells you almost nothing about field
performance.

Frequency Sensitivity

Satcom systems operate at frequencies where both thermal effects and shielding requirements are
particularly demanding:

* L-band (1-2 GHz): Mobile satcom, Iridium, Globalstar
* S-band (2-4 GHz): Some LEO constellations
¢ Ku-band (12-18 GHz): VSAT, maritime, aviation

* Ka-band (26.5-40 GHz): High-throughput satellites, LEO constellations (Starlink, Kuiper,
OneWeb)

* V-band (40-75 GHz): Next-generation satellite feeder links

At Ku-band and above, component behavior is highly temperature-sensitive — waveguide dimensions
change, substrate permittivity shifts, and semiconductor performance degrades more rapidly.
Simultaneously, achieving adequate shielding effectiveness at these frequencies requires tight
mechanical tolerances and high-quality sealing — properties that must be maintained across the full
temperature range.

Phased Array and Beamforming Considerations

Modern satcom terminals — particularly for LEO constellations — use electronically steered phased-array
antennas. These arrays are highly sensitive to temperature effects:

* Phase shifter accuracy varies with temperature, causing beam-pointing error

* Amplitude taper across the array changes as individual element amplifiers respond differently to
temperature gradients

* Calibration tables derived at room temperature may not hold at operating extremes

Testing phased-array performance requires OTA measurement capability within a shielded, temperature-
controlled environment — a test configuration that only an integrated chamber can provide efficiently.

Regulatory and Certification Requirements

Satcom terminals must comply with regulatory requirements from multiple jurisdictions:
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ITU Radio Regulations — EIRP limits, off-axis emission masks
* FCC Part 25/ ETSI EN 303 980 — earth station equipment requirements

* Constellation-specific type approval — Starlink, OneWeb, Kuiper, and other operators each
have their own terminal certification requirements, many of which include environmental testing

Several of these frameworks require performance verification across the rated operating temperature
range, with RF measurements taken at temperature. An integrated shielded temperature chamber is the
most direct path to meeting these requirements.

Design Requirements for Integrated Shielded
Temperature Chambers

Building a chamber that delivers both high-performance RF shielding and precise temperature control is
an engineering challenge that requires deliberate design trade-offs.

Thermal Performance

* Temperature range: —40°C to +85°C minimum for commercial wireless; -55°C to +125°C or
wider for automotive, military, and space-adjacent applications

* Temperature accuracy: +0.5°C or better at the DUT location
* Ramp rate: =3°C/min for efficient thermal cycling; =5°C/min preferred
¢ Uniformity: >+1°C within the test volume after stabilization

* Humidity control: Optional but valuable for condensation-sensitive tests and combined
temperature-humidity profiles

RF Shielding Performance

* Shielding effectiveness: =80 dB across the frequency range of interest, maintained across the
full operating temperature range

* Frequency range: DC to at least 6 GHz for sub-6 GHz wireless; DC to 40 GHz+ for mmWave 5G
and satcom

* Cable feedthroughs: Low-loss, phase-stable RF connections rated for the full temperature range

* Ventilation shielding: Waveguide-beyond-cutoff designs that maintain SE while allowing thermal
airflow

Mechanical and Structural

* Thermal insulation without RF leakage: The chamber wall must provide both thermal insulation
(to maintain temperature efficiency) and RF shielding (conductive continuity). These requirements
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are addressed through multi-layer wall construction — conductive inner and outer skins with
insulating core.

* Door seal integrity across temperature: The door seal must maintain both thermal and RF
integrity from the lowest to the highest operating temperature. Gasket material selection is critical
— materials that remain elastic and conductive across the full range.

* Internal volume: Sufficient for the DUT, any antenna fixturing for OTA tests, and adequate airflow
around the DUT for uniform temperature distribution.

¢ Cable strain relief: Cables passing through the chamber wall must accommodate thermal
expansion/contraction without damage or degradation of RF performance.

RF Cable and Feedthrough Considerations

RF cables inside the chamber are subjected to temperature extremes that affect their electrical
performance:

* Phase stability: Cable phase length changes with temperature. For measurements where phase
accuracy matters (beamforming, antenna pattern), phase-stable cables rated for the operating
temperature range are essential.

* Insertion loss variation: Cable loss increases with temperature. Calibration at the operating
temperature — or use of cables with characterized temperature coefficients — is required for
accurate power measurements.

* Connector reliability: Repeated thermal cycling stresses connector interfaces. High-quality
connectors with appropriate torque specifications must be used, and periodic inspection is
necessary.

Applications Enabled by Integrated Chambers

Full-Envelope Device Characterization

Measure transmit power, receiver sensitivity, EVM, frequency accuracy, and antenna performance across
the complete operating temperature range — all in a single test session, with no DUT handling or
reconfiguration between thermal and RF measurements.

Thermal Cycling with Continuous RF Monitoring

Run hundreds or thousands of thermal cycles while continuously monitoring RF parameters. This reveals
intermittent failures — solder joint cracks, connector degradation, oscillator lock loss — that static testing
at a few temperature points would miss.
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Satcom Terminal Link Budget Verification

Validate end-to-end link budget performance — including antenna gain, PA output power, receiver G/T,
and pointing accuracy — across the terminal's rated operating temperature range. Confirm that the
terminal will maintain its satellite link under worst-case thermal conditions.

5G mmWave OTA Testing at Temperature

5G mmWave devices (FR2, 24—43 GHz) are particularly sensitive to temperature and require OTA testing
because conducted test ports are often unavailable. An integrated shielded temperature chamber with
anechoic treatment enables mmWave OTA testing under realistic thermal conditions.

Real-world field measurements confirm the severity of this effect. Figure 4 shows 5G mmWave downlink
throughput collapsing from ~1,800 Mbps to under 500 Mbps within 5 minutes of sustained load in a warm
ambient environment (Miami, ~31°C). In cooler conditions (Chicago, winter), the same device sustains
over 1,600 Mbps throughout. This is not a software or network effect — it is device-level thermal throttling,
triggered by rising chip temperature. Characterizing and validating this behavior requires an integrated
shielded thermal chamber that can reproduce both the RF environment and the ambient thermal
conditions simultaneously.

5G mmWave throughput degradation vs. device skin temperature
Real-world field measurements show throughput collapses as device heats up — thermal throttling at sustained load
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Source: Narayanan et al. (2022), arXiv:2202.04830 — field measurements across Chicago, San Francisco, and Miami using thermal camera and
Android APIs
Figure 4. 5G mmWave (NR) downlink throughput vs. sustained session duration at three ambient temperatures. Higher ambient temperature

accelerates device thermal throttling, reducing throughput by up to 73% within 5 minutes. Testing only at room temperature will completely misses this
behavior.

Automotive and V2X Qualification

Automotive wireless modules (C-V2X, 5G, Wi-Fi, UWB) must meet AEC-Q100 thermal requirements while
maintaining RF performance. Integrated testing enables simultaneous thermal qualification and RF
performance verification, reducing test time and improving coverage.
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Production Screening at Temperature

For high-reliability applications (aerospace, defense, satcom), production units may require RF testing at
temperature extremes as a screening step. Integrated chambers enable this screening in a single station,
without the throughput penalty of moving units between separate thermal and RF test stations.

The Cost of Not Integrating

The consequences of testing temperature and RF performance separately are concrete and measurable:

* Undetected thermal-RF interaction failures that surface in the field, driving warranty costs,
returns, and reputation damage

* Extended test cycles due to sequential testing, DUT handling, and setup reconfiguration —
directly impacting time-to-market

* Measurement uncertainty from uncontrolled variables (thermal state during RF measurement,
ambient interference during temperature testing) that erode confidence in results

* Duplicate equipment investment — maintaining separate temperature chambers and shielded
enclosures, each partially utilized, instead of a single integrated solution

* Compliance risk — submitting products for certification with incomplete thermal-RF
characterization, risking costly test failures and resubmissions

The battery degradation data in Figure 5 illustrates the field failure cost argument from a different
angle. Li-ion cells operating at 45°C — a common condition inside a device running at high load in a
warm environment — degrade more than twice as fast as cells operating at 25°C. After just 200
charge cycles, a device tested only at room temperature will have its real-world battery capacity
degraded far faster than predicted by testing at room temperature only.

Li-lon battery capacity loss vs. charge cycles at elevated temperature
Sustained high temperature more than doubles degradation rate — 6.7% loss at 45°C vs. 3.3% at 25°C after 200 cycles
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Source: Chargie (2024) citing NREL battery degradation model — capacity loss vs. cycles at 25°C, 35°C, 45°C. chargie.org/battery-degradation-
impact-of-temperature-and-charging-rates-on-lithium-ion-cell
Figure 4. Li-ion battery remaining capacity (%) vs. charge cycles at 25°C, 35°C, and 45°C. Temperature above 35°C more than doubles the
degradation rate, driven by accelerated SEI layer growth and lithium plating. Devices tested only at room temperature will underperform in warm field
deployments.
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For satcom applications specifically, the consequences are amplified by the high cost of terminal
hardware, the difficulty of field service (maritime, aviation, remote installations), and the contractual
penalties associated with link availability failures.

Conclusion

Temperature and RF environment are the two most important external variables in wireless device
performance — and they interact in ways that cannot be predicted from separate measurements. Testing
temperature response without RF isolation introduces ambient interference as an uncontrolled variable.
Testing RF performance without temperature control assumes that room-temperature behavior extends to
the field — an assumption that often fails catastrophically for any device deployed outdoors or in harsh
environments.

For satellite communications, where link budgets are tight, operating environments are extreme,
frequencies are high, and the cost of field failure is severe, the case for integrated testing is
unambiguous. Combined shielded temperature chambers are not a premium option — they are the
minimum infrastructure for credible satcom terminal validation.

As the wireless industry pushes into higher frequencies, tighter link budgets, and more demanding
deployment environments — 5G mmWave, LEO satellite constellations, automotive V2X, industrial IoT —
the need for integrated thermal-RF test environments will only grow. The question is not whether to
integrate, but how quickly.
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