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ABSTRACT
This application report helps TI mmWave Radar sensor designers navigate the series of tasks and key
concerns when designing, manufacturing and validating a new mmWave sensor board. This document is
only concerned with the RF portions of the design. It is beneficial for PCB designers that do not have
experience with RF PCB design at mmWave frequencies. This document is applicable to sensor designs
using IWR/ AWR mmWave Radar chips.
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1 Introduction
The goal of this application report is to familiarize you with the hardware design aspects of the radar
system using TI Radar chips. However, depending on the application, sensor designers need to decide for
themselves how many of these steps and to what extent they are followed based on time available for
design/simulation, lab test time and sensor validation required.

Section 2 covers the aspects of PCB manufacturing concerns. This includes the selection of the RF PCB
material, discussion of the CAD to CAM RF design documentation, and how to evaluate PCB fabricators
for RF fabrication quality.

Section 3 covers the RF PCB design. Also, simulation flow and key concerns are discussed, which
includes a brief overview of the key antenna design requirements and how they map to the radar equation
budgets.

Section 4 covers thermal considerations, followed by enclosure and Radome design aspects.

2 RF PCB Selection and Fabrication
PCB fabrication concerns from the RF perspective are covered in this section. This includes a discussion
of CAD to CAM RF design documentation and how to evaluate PCB fabricators for RF fabrication quality.
The goal here is to describe the key points to bring up and align on with a selected PCB fabricator to
achieve the first pass success when fabricating the mmWave PCB.

2.1 PCB RF Design
This section discusses a typical PCB to Ball Grid Array (BGA) transition and Grounded Coplanar
Waveguide (GCPW) structures using the example of the AWR1642 EVM board. The BGA to PCB
transition in the EVM board is compatible with all of the 77 GHz mmWave sensor devices.

The above mentioned board was designed with RO4835 + FR4 hybrid stackup. It could also be designed
with a stackup using RO3003 or any other RF-friendly substrate.

The choice of the stackup is based on the tradeoff between electrical performance and substrate
availability and manufacturing yield. For example, the Rogers RO3003 stackup (along with rolled copper
foil) yields lower loss and better phase repeatability. Rogers RO4835 LoPro, on the other hand, has better
manufacturing yield while it has slightly inferior electrical properties.

2.1.1 PCB Stackup
This section discusses the PCB stackup of the sensor board. As an example, the AWR1642 EVM
BoosterPack board uses a hybrid stackup. Rogers RO4835 LoPro core is used between metal layers 1
and 2. The remaining layers 2 through 6 are etched on FR4 core and prepreg substrates. The stackup is
shown in Figure 1.

Figure 1. AWR1642 EVM Board Stackup

For RO3003 based boards, the stackup is the same as Figure 1 except that the RO4835 LoPro 4mil
substrate is replaced with RO3003 5mil substrate.
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2.1.2 Package to PCB transition
To get an optimal match between the device RF ball and PCB trace, the package to PCB transition layout
needs to be designed appropriately. TI has built Rogers-based EVM boards and recommends the
customer who uses Rogers materials, to use TI’s recommended transition. This transition allows the
package to match to a 50 Ω transmission line at the edge of the package (approximately 1.3 mm from the
center of the signal pad). If the customer chooses to use a different PCB substrate, the package to PCB
transition needs to be re-designed, which is beyond the scope of this application report.

Example:
Layout for an optimized AWR1642 BGA package to GCPW transition is shown below. These dimensions
are for stackups based on Rogers PCB substrates.

The 77 GHz TX/RX signal pads and signal traces are surrounded by continuous reference ground plane
on L1 and ground reference on L2. Three ground-stitching (L1-L2 ground) micro-vias are via-in-pad with
the surrounding AWR1642 BGA ground pads. There are four additional ground-stitching micro-vias that
are placed just outside the ground plane keep out radius of the signal pad. There is a circular ground
plane cutout placed underneath the RF signal pad on L2 that provides right impedance matching.

Together, with the anti-pad separation, these radial ground vias and L2 ground plane cutout, smoothly
transition the package BGA impedance to the GCPW PCB impedance around the AWR1642 RF operating
bands.

Figure 2. AWR1642 BGA to PCB Transition and GCPW Dimensions (drawing not to scale)

Note that dimensions A, B and C are different for the RO3003 stackup and the RO4835 LoPro stackup as
shown in Figure 2.

2.2 Assessing PCB Fabricator Experience With RF Substrates
Designers should discuss with their PCB vendor the vendor’s experience with fabricating PCB with high-
frequency substrates. PCB substrate fabrication documentation covers material storage, handling, and
processing techniques. All of these recommendations must be followed to achieve consistent performance
when utilizing these materials. For details of fabrication using Rogers materials, see [1] and [2].

Sequential lamination of RF and non-RF substrate core and pre-preg material is typically required for
completing RF designs such as the BoosterPack EVM. Designers should discuss with their PCB vendor
the vendor’s experience and capabilities when fabricating mixed material hybrid stackups. Different core
and pre-preg materials typically have different curing requirements and procedures and may not always be
compatible.

2.3 Material Properties and Manufacturing Tolerances Affecting Critical RF Performance
RF signal paths exhibit high sensitivity to small geometry changes such as:

http://www.ti.com
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• Substrate thickness
• Metal thickness
• Metal roughness
• Plating
• Via placement tolerance
• Etch tolerances (LDI vs. LPI masks)
• Air gap tolerances
• Solder-mask tolerance (LDI vs. LPI accuracy)
• Sequential stack-up layer registration
• Peel strength vs plating height

Substrate thickness directly determines performance of the RF structures. RO4835 LoPro and RO3003
substrates should maintain their designed thicknesses as received from Rogers. However, improper
handling or fabrication steps can damage these substrates causing delamination and other adverse
effects that will severely impair any RF structure performance.

Overall etch tolerances must be controlled so that the line widths, air gaps and planar antenna structures
stay close to their designed dimensions. TI recommends using the Laser Direct Imaging (LDI) etch-mask
over the more common Liquid Photoimageable (LPI) etch-mask because LDI enables fabrication with
tighter tolerances.

Solder-mask has different dielectric properties compared to the RF substrate and the free-space
surrounding the PCB. Solder-mask should typically be avoided over the RF transmission lines and
antenna. In the case of solder-mask near the RF BGA, it is critical that the solder-mask registration and
thickness must be tightly controlled. Changes in thickness or registration can have an effect on variability
of RF performance from PCB to PCB.

Plating affects RF characteristics. Most common plating used in industry, Electroless Nickel-Immersion
Gold (ENIG), is not a good choice for mmWave boards due to its high losses. TI EVM uses immersion
silver plating that has lesser loss, comparatively. However, immersion silver is susceptible to oxidation on
prolonged exposure to air. This oxidation does not impact the RF performance. However, proper storage
of the PCB is recommended to reduce the oxidation. Over and under plating of top-layer copper can result
in phase and loss/reflection variations.

Number of types of vias determines the PCB process complexity. Higher number of types of vias typically
causes higher processing steps, which uses sequential lamination and can cause via registration error.
They also increase the PCB cost and lowers yield. Therefore, it is desirable to keep via types to a
minimum. TI mmWave BoosterPack designs use two types of vias.

Multiple types of via processing also increases the plating thickness. Thicker plating on traces that have
narrow widths causes the peel strength to be poorer. Thicker top layer geometry also has higher coupling
between the antenna elements, which is undesirable. Therefore, it is recommended to keep the top layer
metal plus plating thickness low. TI mmWave BoosterPack designs use a 0.5 oz base copper on the top
layer as shown in Figure 1.

The copper lamination will be of difference kinds. Rolled copper offers the lowest surface roughness and
the lowest loss. Electro-deposited (ED) copper has relatively higher roughness and loss.

The placement error on ground vias around the transmission line have detrimental impact on its
characteristics such as its impedance and bandwidth. Typically, in manufacturing, the via placement errors
can have different offsets in x and y-directions. Therefore, the impact on transmission lines or antenna
structures that are aligned to x-axis and y-axis can exhibit different characteristics.

There are many via-s on the PCB that are either on the pads or close to pads. These are filled with non-
conductive epoxy and capped with copper plating to ensure flat surface.

http://www.ti.com
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2.3.1 Determining Absolute Tolerance Limits
Absolute tolerance limits on each dimension and placement can only be derived from margin studies using
RF simulators and EM theory. The process involves sweeping various parameters, through tolerance limit
specified by the PCB manufacturer and determining how the parameter changes effects the performance
of the structure. For example, designers can simulate with different air gaps, via placement distances, line
widths and see the resulting change in GCPW impedance or antenna gain or directionality. Such studies
are beyond the scope of this application report.

2.4 RF Critical CAD to CAM Documentation and Verification
Designers are encouraged to clearly document the areas of the PCB that are RF design critical along with
the intended design dimensions for each of these locations. Controlled impedance trace dimensions and
stack-up thicknesses for high-speed digital signals are typically dictated and verified by a PCB fabricator.
However, RF design dimensions should be dictated completely by the PCB designer and verified after
fabrication.

In the case of these mmWave sensor designs, the areas around the RF signal BGA footprints, the RF
signal transmission-lines and the antennas must be carefully drilled and etched. Ideally, the tooling error
must be constrained to zero-mean error around the designed dimension. Typical PCB fabrication error
results in a low variance skew in one direction of the tolerance window. PCB designers need to discuss
methods with their fabricator for bringing this skew as close as possible to the designed dimensions.

It is recommended that PCB designers explicitly ask for a small sample run of PCB to be used for process
inspection purposes. Any problems meeting critical RF design dimensions can be dealt with before
proceeding to larger volume production. This process can be repeated until the zero-mean error between
fabricated and designed dimensions are achieved.

A report of critical RF design dimensions should be presented to the PCB fabricator as part of the the PCB
CAD and CAM board design documents and files. The PCB fabricator should be explicitly asked to verify
what the expected tolerances are going to be for each of the critical dimensions. It is recommended to
provide the RF coupon structure on the PCB/Panel. This helps in assessment of material property,
fabrication parameters etching tolerances, manufacturability variations in impedance, and so forth.

For example, AWR1642 BoosterPack EVM has transmission line coupon structures for probe as shown in
Figure 3.

Figure 3. Example of Coupon Structure on the AWR1642 Booster Pack EVM

3 Integrating the Antenna
This section is a brief overview of key antenna design requirements and how they map to radar equation
budgets and FMCW radar processing. This also includes a discussion on how to best re-use the
BoosterPack EVM designs with custom etched antenna.

Knowledge of basic antenna metrics is necessary for an mmWave sensor designer to understand the
antenna performance requirements needed for their sensor.
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3.1 Radar Equation and Link Budgeting
All FMCW mmWave sensors work on the underlying principle that a transmitting antenna can radiate out
an RF “Chirp” signal and an associated receiver antenna can detect the resulting chirp echo reflected from
a target. The received chirp reflection is mixed with the transmitted chirp and the resulting IF signal is
sampled to determine range, angle and velocity of the target. Programming Chirp Parameters in TI Radar
Devices [4] covers the process of how to combine with proper chirp configurations.

If too little energy is radiated from the transmit antenna, or too little energy is incident to the target, or too
little energy is incident to the receive antenna, the sensor ADC will not have enough IF amplitude to
resolve the target above the noise floor and target detection will fail. Significant signal to noise ratio, or
SNR, is required to resolve the target in the resulting IF FFT spectrum.

All of these parameters are combined in the “Radar Equation” to help designers perform a radio link
budget analysis. For details of the link budget analysis, see [4].

The Radar equation that gives the range of a target is shown in Equation 1.

(1)

where:
• PTX: The transmitted output power, incident to the antenna in Watts.
• DTX,DRX: The transmit and receive antenna directionality, respectively. This takes into account antenna

efficiency as well as directional gain – unit-less gain.
• c: Speed of light in free-space in meters/second.
• σTarget: The radar cross section (RCS), which is a unit-less gain factor relating incident power to

reflected power of a target object.
• fC: Means frequency of the chirp ramp in Hz.
• NChirps: Number of chirps in a chirp frame
• TR: Chirp ramp time in seconds
• k: Boltzman’s constant – 1.38 x 10-23 J/K
• T: Temperature in Kelvin
• NF: Is the Noise Factor of the receiver path. This coefficient takes into account the noise introduced by

the stages of the receive signal path like the low-noise amplifier (LNA), low-pass and high-pass filtering
and the ADC sampling.

• SNRdetect: Minimum signal to noise ratio for detection of the target. This is expressed in absolute ratio.

In terms of antenna and transmission-line design, there are only a few terms that can be optimized for the
radar equation: PTX, DTX and DRX. All of the other terms are determined by the chirp parameters, target,
environment or mmWave sensor device native performance.

The power delivered to the antenna, PTX, is a function of programmed transmit power backoff, PCB
transmission-line losses and transmission-line to antenna reflections and BGA to transmission-line
reflections. Maximizing PTX is the goal. Therefore, minimizing losses and reflections along the RF path to
the antenna and maximizing programmed transmit power is important. The mean chirp frequency, fC, is a
function of chirp configuration, but it should be taken into account during the antenna design phase if
possible so that the bandwidth of the antenna can be optimized around the intended chirp bandwidth.

Directivity DTX and DRX are entirely a function of the antenna design and transmission-line design.

3.2 Custom Antenna Design Options
Depending on the amount of experience with the mmWave RF design, mmWave sensor designers have a
few options when it comes to acquiring application-specific antennas. Starting with the requirements
derived from the sections above and constraints of the TI supported RF substrate stack-ups, designers
can:
• Create their own antenna
• Have a third-party RF design firm create an antenna

http://www.ti.com
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• Use one of the TI provided reference antenna designs

If a designer is familiar enough with the antenna design concepts and simulation tools, then the best way
to start a custom antenna design is to reference the TI mmWave Radar BoosterPack EVM boards. These
boards can serve as a reference RF layout design that can be extended to work with a custom designed
antenna.

The general flow is to assume the same layer-1 RF substrate of the stackup and then completely re-use
the BGA to PCB transition footprint and GCPW transmission-line RF fan-out. The custom antenna is then
designed and a transmission-line feed path can be laid out to interface the antenna to the GCPW fan-out
for best impedance and phase match to the antenna. The recommended process for third-party designers
is the same.

If one of the TI provided reference antenna meets the design requirements, then no re-design is
necessary and these can be integrated into the new design.

4 Thermal Design
This section discusses the thermal aspects of the system design. The need for effective heat dissipation is
to keep the die temperature within the operational and reliable limits. Some of the various ways to manage
heat dissipation from the Radar device are listed below:
• Limiting the chirp duty cycle and limiting the power dissipation in the device
• Using multiple copper layers in the board with large GND planes and having enough number of

thermal vias below the device directly connecting the device GND balls to the PCB GND planes
• Using heat-sink that touches the device top or bottom of the board, directly below the device

The thermal parameters of the device are provided in the device-specific data sheet. For more details on
the definition of these parameters and their use, see [3].

Thermal simulation of the sensor system with heat sink or enclosures is recommended during the
mechanical design of the system.

Heat-sink option: A very effective way to conduct heat away from device is to use heat-sink. The heat-
sink can be either on device side (top heat-sink) or on side opposite to the device (bottom heat-sink) or
both. In a simple form, the top heat-sink can be a sufficiently large metal piece that makes good thermal
contact with the device top. If the antenna is etched on the same side as the device, care should be taken
to see that the metal heat-sink does not distort the antenna characteristics. The bottom heat-sink is also a
piece of metal or protrusion from the enclosure that touches the board directly below the device on the
side of the PCB opposite to the device. While using bottom heat-sink, care should be taken to see that the
metal does not touch any capacitors or other components that may cause electrical short.

5 Enclosures and Radome
Radome is a cover or enclosure in order to protect Radar antennas from environmental influences. It
functions as a structural and weatherproof enclosure to the antenna in such a manner that it has least
interference with the transmission from it. It is derived from the expression Radar and Dome. Covers will
have some influence on the shape of radiation pattern or Field of view and achievable maximum distance.
Radars can see through plastic and glass of any color. While designing housing, pay attention to the
aspects being discussed in Section 5.1.1 and Section 5.1.2.

The objective of an efficient Radome design is to reduce reflections at its surface and transmit the signal
with minimum loss and beam distortion. For a general-purpose enclosure that covers the radiating side of
the sensor, the material should have a uniform thickness and must also have a good surface smoothness.
In some cases, a Radome could be constructed as a lens that alters the beam characteristics intentionally.
Such Radoms/lens need to be designed using electro-magnetic simulation tools in conjunction with the
antenna.

5.1 Guideline for Radome Design
Some key important parameters in a typical Radome design are its wall thickness and its distance to the
antenna.

http://www.ti.com
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5.1.1 Consideration for Radome Wall Thickness
Thickness of the Radome plays a key role in arriving at the optimum performance of the mmWave sensor.
Wavelength in the Radome becomes shorter in the material than in free air. The wavelength in the
material is a function of its dielectric constant. The goal is to make the wall thickness equal to the integer
multiple of the wavelength in the material. This is to make sure that the Radome becomes nearly
transparent for the mmWave signals.

(2)

where:

(3)

where:
• t: thickness of Radome wall
• n: 1,2,3…
• λm: wavelength in Radome material
• c: speed of light
• f : mean carrier frequency used
• εr: relative permittivity

Material with lower Dk and Df (dielectric constant and loss tangent) are recommended. Typical materials
used in Radome are Polycarbonate, Teflon® (PTFE), Polystyrene, and so forth. Typically, with Radome
and Antenna, simulations are done to see there is very little degradation in the Radiation pattern.

5.1.2 Consideration for Antenna to Radome Distance
The optimal distance between the antenna and the Radome helps to minimize the effects of reflections
caused by the Radome. These effects become minimal if the waves returned at the antenna are in phase
with the transmitted waves.

(4)

where:
• n: 1,2,3…
• D: optimal distance between Radome and Antenna
• λ0: wavelength in air

6 References
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