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Introduction

The primary objective of this paper is to outline, in detail, the process of completing the
system level design and PCB layout for the RF end of an FMCW /Doppler radar. The RF
portion of the FMCW radar will be analyzed element by element, and the determination of
the critical performance parameters of the system will be discussed. Once the system level
design is thoroughly explained, the important aspects of the RF PCB layout will be
explored. It's important to note that this paper only focuses on the system design and PCB
implementation of the RF end of an FMCW/ Doppler radar. It excludes the detailed antenna
design, the baseband filter and amplifier design, and signal processing that are required to
build such a system.

RF System Design

This section will begin by presenting the process taken to obtain the overall system
specifications and block diagram for an FMCW radar. It will then explore how each element
in the system was chosen based on the critical parameters of the devices. The section will
conclude by analyzing the overall performance parameters of the system.

Design Specifications

The system specifications for this FMCW radar were constrained by the ISM (Industry,
Scientific and Medical) radio band. Therefore, it was chosen that the radar would operate
within the 2.4GHz band and ramp between 2.3-2.6GHz. The 5.8 GHz and 24 GHz bands
weren’t chosen due to the smaller variety of available parts as well as the increased losses
prevalent at these frequencies. The total transmit power was dependent on the preferred
average range of the radar. The system was designed to receive approximately

-70dbm at 20 meters. Using Frii’s equation, the required transmit power, when considering
a .3 square meter target, was determined to be 15dbm.
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In summary, the system was chosen to operate at 2.4 GHz with an output power level of
approximately 15dbm.

Block Diagram

The first element required in the RF system design is a VCO (Voltage Controlled Oscillator).
The tuning voltage of the VCO allows for the output to vary within a specified frequency
range, which is a fundamental requirement for an FMCW radar. Generally, a power splitter
is required after the VCO in order to supply the Transmit and LO (Local Oscillator) paths
with the signal being generated by the VCO. Amplifiers (PAs and/or LNAs) are needed to
amplify the signals that are being transmitted and received. Lastly, to determine an objects



location the instantaneous signal being transmitted must be compared with the received
signal. This is achieved by taking the difference of the said signals using a Mixer.

With the fundamental building blocks known, the block diagram of the system can be
established. A variety of software tools can be used to form the block diagram. In this case,

Microsoft Excel was utilized to form the following three iterations of the block diagram.
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3rd Jteration (Final Design)

Rl —

H Patch Antenna
) X , ¥
10 D

The 1stiteration included onboard signal processing. This specification was later
eliminated due to the challenges it presented in regards to the programming required to
drive the VCO and analyze the baseband signal. The focus was rather turned to establishing
a strong RF system design in the 2nd [teration. Nevertheless, after designing and
manufacturing the 2nd iteration it was discovered that the ground pads for the LNAs hadn’t
been properly connected in the PCB layout. Instead of remanufacturing the 2nd iteration,
the design was improved upon and a modular LNA was utilized. The design that this report
will focus on is the 374 and final iteration.

Patch Antenna

The 3rd iteration is meant to optimize the output power of the system while conserving
ideal matching characteristics, low noise, and low power consumption. A VCO with low
phase noise suffices for such an application. Nevertheless, if a VCO with low phase noise
isn’t available, then using a PLL (Phase Lock Loop) is recommended. Three LNA’s were
chosen to insure a low noise figure. The reason why a PA (Power Amplifier) wasn’t used at
the transmit end was due to an attempt to stay consistent with part selections. The TAMP-
272LN+, which will be analyzed later, provides substantial gain and a low noise figure.
Therefore, there was no need to purchase a Power Amplifier. Two LNA’s were cascaded in
the receive path because the RF power is considerably low and substantial gain is required.
The purpose of the 3dB attenuator is to minimize reflections in the system. Most mixers,
especially those that are passive, have poor matching characteristics at the LO port. As a
result, a 3dB attenuator should be placed prior to the mixer in order to reduce the reflected
power at the LO port by a factor of two. This insures the safety and stability of the
components in the transmit path.



RF Component Selection

The next step in the RF system design is to identify a VCO, Power Splitter, LNA, Mixer, and
3dB attenuator that yield the required design specifications.

The VCO is the first device that should be selected, as it’s the first RF element in the block
diagram. The characteristic parameters of interest in selecting the VCO are the phase noise,
the linearity of the output frequency vs. tuning voltage, and the relationship between the
output power and tuning voltage. Phase noise distorts the IF spectrum, which in this
system contains all of the information regarding the location of a perspective object.
Therefore, it’s important to minimize such noise. Typically, VCO’s with low phase noise will
provide -70dBc/Hz at an offset of 1kHz and -140dBc/Hz at an offset of 1IMHz. The VCO
chosen in this particular design was the ROS-2625-119+ manufactured by Mini Circuits.
The following tables and graphs found in the datasheet were analyzed in order to confirm
the low phase noise characteristics of the device as well as its linearity.

ROS-2625-119+

& ﬂ o

CASE STYLE: CK605
PRICE: $19.95 ea. QTY (5-49)

Performance Data & Curves* R0OS-2625-119+

vV | TUNE FREQUENCY POWER OUTPUT | Icc | HARMONICS (dBc) |FREQ. | FREQ. PHASE NOISE (dBc/Hz) FREQ | PHASE
TUNE | SENS (MHz) (dBm) (mA) PUSH | PULL at offsets OFFSET|NOISE at
(MHz/V) (MHz/V)| (MHz) (KHz) |2490 MHz
-55°C  +25°C +85°C |-55°C +25°C +85°C F2 F3 F4 1kHz 10kHz 100kHz 1MHz (dBc/Hz)

0.00 |134.54 |2208.2 2193.5 2167.4| 410 4.37 3.38 |22.79| -243 -41.9 -293 | 400 | 3.05 |-70.1 -96.1 -1171 -137.0 1.0 -69.41
0.50 | 109.81|2271.6 2257.1 2234.2| 424 435 408 |22.74|-258 -420 -274 | 182 | 333 |-70.8 -983 -1196 -139.4 2.0 -78.51
0.75 | 108.33 |2298.6 2284.6 2263.4| 420 460 4.06 |2291|-2565 -415 -260 | 1.13 | 359 |-720 -98.1 -119.4  -140.0 35 -85.18
1.00 | 103.85 (2324.8 2311.6 2289.5| 431 4.60 4.21 |2293| -26.5 -400 -248 | 0.76 | 504 | -70.7 -98.4 -120.0 -139.8 6.0 -91.59
1.25 | 103.30 (2351.7 2337.6 23158 | 4.27 4.51 4.29 |22.88|-26.7 -386 -240 | 049 | 199 |-722 -976 -120.0 -139.9 8.5 -95.70

1.50 | 101.52 [2376.9 2363.4 2341.8| 4.16 458 4.26 [23.01|-280 -374 -234 | 018 | 428 |-70.2 -99.0 -1204 -139.9 10.0 -97.63
1.75 | 100.94 (2402.6 2388.8 2366.9| 4.15 4.50 4.32 |23.00| -28.,5 -357 -23.0 | 0.10 | 549 |-723 -984 -1204 -140.2 20.8 -105.76
2.00 | 105.52 |2428.7 2414.0 2392.4| 409 4.41 428 |23.00|-29.7 -355 -225 | 040 | 220 |-722 -97.8 -1206 -140.4 35.5 -110.54
225 |104.60 |2454.0 2440.4 2417.9| 413 442 422 |2305|-31.2 -36.5 -222 | 0.65 | 433 |-720 -983 -1206 -140.8 60.7 -115.51
2.50 | 105.39 |2480.7 2466.6 2444.2| 417 443 423 |2307|-31.6 -358 -222 | 094 | 565 |-708 -97.9 -1206 -140.2 86.7 -118.86

275 |108.41|2507.8 24929 2470.5| 423 448 425 |23.09|-329 -371 -222 | 098 | 2.05 |-69.5 -97.8 -120.7 -139.7 100.0 | -120.30
3.00 | 110.75|2534.6 2520.0 2497.2| 423 4.53 4.28 |23.10| -341 -374 -221 | 087 | 535 |-69.2 -97.2 -1202 -139.4 148.1 | -123.82
3.25 | 109.84 |2562.0 2547.7 2524.3| 415 4.40 431 |23.11|-341 -384 -220 | 044 | 557 |-693 -96.9 -1194 -139.2 177.0 | -125.00
3.50 | 107.20 |2589.8 2575.2 2551.8| 405 4.32 4.16 |23.16|-35.2 -40.7 -223 | 028 | 215 |-688 -96.4 -1189 -1382 2116 | -127.19
3.75 | 107.01 (2616.9 2602.0 2578.7 | 391 4.25 413 |23.20| -36.1 -41.2 -226 | 1.31 | 563 |-66.7 -96.0 -1180 -138.5 3024 | -129.83

4.00 | 104.62 |2643.6 2628.7 2604.9 | 3.81 4.09 4.03 |23.20| -36.4 -427 -232 | 249 | 492 |-666 -948 -1173 -1374 3615 | -131.22
4.25 | 97.66 (2669.3 2654.9 2630.6 | 3.71 3.99 392 |23.25|-37.5 -434 -234 | 3.78 | 291 |-661 -942 -1161 -1364 507.5 | -134.36
450 | 91.25 (2693.9 2679.3 2655.3| 348 3.87 3.88 |23.31|-37.3 -430 -233 | 486 | 6.20 | -668 -94.0 -11563 -1355 606.7 | -135.92
4.75 | 84.88 (2716.8 2702.1 2678.2| 3.34 3.71 3.76 |23.35| -35.8 -426 -235 | 577 | 458 |-663 -928 -1145 -1345 851.6 | -138.66
5.00 | 78.32 |2738.1 2723.3 2699.4| 3.24 3.57 365 |23.37|-36.0 -434 -235 | 660 | 0.76 |-662 -928 -1143 -1343 || 1000.0 | -139.25
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The operation frequency range is between 2.3-2.6 GHz, the output power is quite high, and
the phase noise is quite low. This particular component is designed for PLL IC’s; thereby it
inherently has low phase noise. The output frequency ramps linearly when increasing the
tuning voltage. This is required for an FMCW radar because the frequency is meant to span
a certain range using equivalent increments. Furthermore, the output power and tuning
voltage have a relatively constant relationship. Therefore each frequency is given equal
weight, and the range of the radar is kept consistent.

The selection of the Power Splitter is dependent on the insertion loss, isolation, phase
unbalance, and VSWR of the device. The phase shift of the prospective device can be chosen
to be zero degrees, the insertion loss should be 3dB (typical for a 2-way splitter), the ideal
isolation should be large, and the VSWR should be lower than 2. The device that was
determined to satisfy the aforementioned characteristics was the BP2U1+ manufactured by
Mini Circuits. In order to make this selection, the following tables and graphs from the

datasheet were closely examined.
BP2U1+

Electrical Specifications

FREQ. ISOLATION INSERTION LOSS PHASE AMPLITUDE VSWR
RANGE (dB) (dB) UNBALANCE | UNBALANCE (1)
(MHz) ABOVE 3.0 dB (Degrees) (dB)
S-Port  Output-Ports
ff Typ. Min. Typ. Max. Max. Max. Typ. Typ.
1750-3000 20 10 0.5 1.6 4.0 0.4 1.60 1.40




BP2U1+ BP2U1+

TOTAL LOSS VSWR
44 22 : : : :
. —S1 =—-82 [—#SVSWR = -#1-VSWR - = '#2-VSWR]
@ : / 20
S 40 Vi
@ ’ x /
S 38 # 216 2
3 o = Mae, //
= 36 — 14 T—Se —
= I e e =
VR S——— 12 S
Sl -
324 10 —
1750 2000 2250 2500 2750 3000 1750 2000 2250 2500 2750 3000
FREQUENCY (MHz) FREQUENCY (MHz)
BP2U1+
ISOLATION
50
@ 40
s
: \
= 30
3
O
@ 20
/ '\
10

1750 2000 2250 2500 2750 3000
FREQUENCY (MHz)

The frequency range of this Power Splitter is compatible with the 2.4GHz system that was
being designed. The Isolation around the operational frequency of 2.4GHz is above 30dB,

which is quite large. The total loss is only slightly above 3dB. The maximum VSWR within
this systems region of operation is less than 1.4, which indicates that the device has good

matching characteristics.

Determining a LNA is primarily dependent on the value of its gain, P1dB, noise figure at the
systems operational frequency, and the complexity of external networks that may be
required. The gain of the device should be chosen to be large, as long as the P1dB remains
high and the noise figure remains low. The P1dB will indicate the point at which the small
signal gain is 1dB lower than the expected value; essentially indicating the point at which
the amplifier saturates. Therefore the P1dB restricts the gain. The noise figure indicates the
reduction in the Signal to Noise Ratio (SNR) as a result of the noise introduced by the
device. A low noise figure implies that the device generates minimal noise. The following
equations define the Noise Figure in terms of the Noise Factor.

Noise Factor

il Vi
S() Nu

Noise Figure

NF =log(F)

=1



The low noise characteristic is crucial for the receive end of the system, because the signals
being received are heavily attenuated and may be overshadowed if an excess amount of
noise is present or generated by the radar itself. Lastly, the complexity of external networks
must be considered when choosing an LNA. Biasing networks as well as matching networks
may be an added complexity, which certainly increase the probability of mistakes made in
the design and assembly process. This was a lesson that was learned the hard way, in this
particular project, when designing and manufacturing the system in 2nd [teration. A simple
grounding error, which was made due to a poorly written data sheet, caused catastrophic
failures. To avoid such a mistake in the final design, a modular LNA was utilized. In projects
with limited time and resources, a modular LNA is highly recommended because the
matching and biasing networks are built internally. The TAMP-272LN+ LNA manufactured
by Mini Circuits was chosen to serve as the LNA for this system. The following graphs and
datasheets were studied in order to arrive to this decision.

TAMP-272LN+

W

CASE STYLE: JQ1382

FREQUENCY GAIN  DIRECTIVITY  VSWR VSWR NOISE P.OUT@1dB  OUTPUT
(MHz) (dB) (dB) IN ouT FIGURE COMPR. IP3

(:1) (:1) (dB) (dBm) (dBm)
2300.00 14.54 7.02 1.54 1.37 0.74 19.47 30.86
2320.00 14.49 7.00 1.52 1.37 0.79 19.55 30.00
2340.00 14.43 6.98 1.50 1.37 0.81 19.68 30.36
2360.00 14.38 6.94 1.48 1.38 0.76 19.65 30.92
2380.00 14.33 6.93 1.46 1.38 0.81 19.71 29.98
2400.00 14.28 6.91 1.44 1.38 0.82 19.75 29.78
2420.00 14.23 6.89 1.42 1.38 0.85 19.73 31.83
2440.00 14.18 6.86 1.40 1.38 0.88 19.72 29.71
2460.00 14.13 6.83 1.38 1.39 0.81 19.86 29.33
2480.00 14.07 6.87 1.36 1.39 0.79 19.80 31.14
2500.00 14.02 6.85 1.35 1.39 0.81 19.92 30.11
2520.00 13.97 6.82 1.33 1.40 0.81 20.06 29.57
2540.00 13.92 6.83 1.31 1.40 0.85 20.01 30.35
2560.00 13.86 6.85 1.30 1.40 0.90 19.99 30.04
2580.00 13.81 6.83 1.29 1.40 0.83 20.01 30.06
2600.00 13.75 6.81 1.27 1.41 0.88 20.09 30.19
2620.00 13.70 6.80 1.26 1.41 0.91 20.23 30.05
2640.00 13.64 6.80 1.25 1.40 0.97 20.43 30.13
2680.00 13.54 6.82 1.24 1.41 0.84 20.65 29.77
2700.00 13.48 6.82 1.24 1.42 0.92 20.84 30.42
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The gain of this LNA is essentially a constant 14 dB around the operational frequency
range. The uniform gain allows for each frequency to be given equal weight. The P1dB is
around 20dBm, which is well above the power provided by the combination of the LNA and
VCO in the transmit end (where the highest power level will be generated). The noise figure
of the device is a mere .9dB. Overall, the device provides sufficient gain without being
limited by the P1dB point, and without introducing considerable noise. The high gain and
low noise figure of the device allow it to be utilized for both the Transmit and Receive ends.

The selection of a 3dB attenuator is governed by the uniformity of the attenuation and the
VSWR within the operational frequency range. The attenuation should be a constant 3dB
between 2.3 - 2.6 GHz and the VSWR should be very close to unity. The VSWR is of crucial
importance because the attenuator is being used to reduce the effects of mismatching due
to the mixer. If the attenuator itself has poor matching characteristics the purpose of using
it would be defeated. The GAT-3+ manufactured by Mini Circuits was chosen to be the 3dB
attenuator that would be used for this system. The following tables and plots helped in
choosing this product.



GAT-3+

top bottom
CASE STYLE: FG873

Typical Performance Data

Frequency Attenuation VSWR
(MHz) (dB) (:1)
100.00 2.92 1.05
500.00 2.96 1.05
1000.00 3.04 1.05
2000.00 3.09 1.07
3000.00 3.03 1.13
4000.00 3.28 1.13
5000.00 3.24 1.06
6000.00 3.33 1.02
7000.00 3.51 1.12
8000.00 3.65 1.30
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Between the operational frequency range of 2.3-2.6GHz the attenuation doesn’t vary by
more than .05dB, while the VSWR varies by less than .06. Additionally, the VSWR is around
1.1 indicating that the device is almost perfectly matched for a 50-ohm system.

The process of choosing a mixer consists of considering the conversion loss, isolation,
VSWR, and required LO power. The conversion loss of the mixer should be constant so that
each frequency being accessed is equally attenuated. Both the LO-RF and LO-IF isolation
values are important, because they insure that the signals at each port aren't interfering
with one another. However, the most important isolation specification is that of the LO-RF
ports. This is because the signal at the RF port is heavily attenuated due to the natural
losses imposed onto the original signal that’s transmitted. As a result, the radio frequency
signal at the LO port is substantially more powerful than the signal at the RF port. If the
isolation between the LO and RF ports isn’t at least equivalent to the amount of power



present at the LO port then the signal at the RF port can potentially be distorted.
Additionally, the VSWR at both RF and LO ports shouldn’t be close to 2 for the matching
characteristics of the system to be conserved. Studying the table and graph shown below,
the ADE-R3GLH+ manufactured by Mini Circuits was chosen.

ADE-R3GLH+
=

=
\9\’

CASE STYLE: CD542

FREQUENCY GAIN  DIRECTIVITY  VSWR VSWR NOISE P.OUT@ 1dB  OUTPUT
(MHz) (dB) (dB) IN out FIGURE COMPR. IP3

(:1) (:1) (dB) (dBm) (dBm)
2300.00 14.54 7.02 1.54 1.37 0.74 19.47 30.86
2320.00 14.49 7.00 1.52 1.37 0.79 19.55 30.00
2340.00 14.43 6.98 1.50 1.37 0.81 19.68 30.36
2360.00 14.38 6.94 1.48 1.38 0.76 19.65 30.92
2380.00 14.33 6.93 1.46 1.38 0.81 19.71 29.98
2400.00 14.28 6.91 1.44 1.38 0.82 19.75 29.78
2420.00 14.23 6.89 1.42 1.38 0.85 19.73 31.83
2440.00 14.18 6.86 1.40 1.38 0.88 19.72 29.71
2460.00 14.13 6.83 1.38 1.39 0.81 19.86 29.33
2480.00 14.07 6.87 1.36 1.39 0.79 19.80 31.14
2500.00 14.02 6.85 1.35 1.39 0.81 19.92 30.11
2520.00 13.97 6.82 1.33 1.40 0.81 20.06 29.57
2540.00 13.92 6.83 1.31 1.40 0.85 20.01 30.35
2560.00 13.86 6.85 1.30 1.40 0.90 19.99 30.04
2580.00 13.81 6.83 1.29 1.40 0.83 20.01 30.06
2600.00 13.75 6.81 1.27 1.41 0.88 20.09 30.19
2620.00 13.70 6.80 1.26 1.41 0.91 20.23 30.05
2640.00 13.64 6.80 1.25 1.40 0.97 20.43 30.13
2680.00 13.54 6.82 1.24 1.41 0.84 20.65 29.77
2700.00 13.48 6.82 1.24 1.42 0.92 20.84 30.42
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Since this is a passive mixer, 10dBm of power is required at the LO port. This requirement
was noted in the overall system by choosing an LNA, Splitter, and Attenuator that would




allow for the delivery of around 10dBm of power to the Local Oscillator. The conversion
loss is a constant 5.8dB between 2.3-2.6GHz. The LO to RF isolation is around 36 dB, which
is well above the amount of power that will be supplied to the LO port of the mixer.
Therefore, the likelihood of interference between the LO and RF ports is limited. The VSWR
of the LO port is very close to 2; specifically it’s 1.8 on average. This indicates that the
matching characteristic of this port is fairly poor. It's important to note that this is an issue
that’s prevalent throughout most passive mixers. As previously mentioned, to reduce the
excess reflections that can be caused by the poor matching characteristics of the LO port, a
3dB attenuator was placed prior to it. This mixer satisfied the key criteria required for this
system. The conversion loss is constant, the LO-RF isolation is large, and the poor matching
at the LO port can be remedied by using a 3dB attenuator.

Overall System Performance

The overall RF System performance was determined through a Link Budget analysis as well
as calculating the overall DC current draw of the system. The Link Budget was completed
using ADIsimRF, while the overall current draw involved summing the DC current required
by each component.

ADIsimRF is an RF signal chain calculator provided by Analog Devices. The Cascade Gain,
P1dB, Noise Figure, IP3, and total power consumption of a system can be obtained using
ADIsimRF. It’s highly recommended to use such a calculator when completing the design
for a Radar. The System was divided into two sections so that cascade analysis could be
completed. The two sections included the transmit path and the RF path. The datasheets for
each element in the respective paths were reviewed to obtain the individual characteristics
of each component. The individual characteristics were then entered into the ADIsimRF
calculator to obtain the overall system characteristics. An example of an ADIsimRF
calculation for the transmit path can be examined below. This path includes the VCO,
Power Splitter, and LNA that were to be used.

ADIsimRF calculation for Transmit Path

Table 1 Chart ) Device Selection )
Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Stage 6 Stage 7 Stage 8 Stage 9 Stage 10

|4 4 ) O8O0 ) 403 ) 3] {3

W Device j Device jAmp j Device ﬂ Device j Device j Device j Device ﬂ Device j Device L‘

Toggle Tx/Rx |Temp Part jITemp Part leDL5523-5V j[PattNumber ijallNumbel j[PaltNumhel ijaleumbel ﬂlF‘aleumber ﬂlparlNumbev j[PaltNumbav L‘
Output Freq (MHz) |2400 2400 2400 [ [ [ [ [ | [

Zin (Ohms) |50 50 50 [

Zout (Ohms) [50 |50 50 [

Power Gain (dB)|45 |»35 |13.9 [

Voltage Gain (dB) |45 |35 J139 |

0IP3 (dBm) [100 100 E3 [

OP1dB (dBm) |30 |30 [a12 [

|

[

|

[

\

|

Pout (dBm) |45 1 [143

[
[
[
|
[
[
|
[
|
[
[

[ [ [ [ [
\ [ [ [ \
[ [ [ [ [
\ [ [ [ \
\ [ [ [ [
[ [ [ [ [
\ [ [ [ [
[ [ [ [ [
\ [ [ [ \
\ [ [ [ [
\ [ [ [ \
\ I [ I \

Pout Backoft |55 E 3
Peak Backoff (dB) |85.5 5] |63
Noise Figure (dB) |0 o [og
Voltage (V) |5 |D |5
Currenl(mA)|3U |EI |SD |
Input Analysis
Nurnber of Stages| 10 Output Power (ms)| 143 |dgm Noise Figure| 0.73 |dB 0IP3 (Po/2 pertone)| 35 |dBm
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ANALOG P1dB Backoff Waming| 10 |gg IP1dB| 7.3 |dBm SNR[ 1131 |dB ACLR (est)] 61 |gg
Peak Backoff Waming| 1 |4 Power Gain| 14.9 |4p Puwr Consumption| 0.45 iyt
DEVICES Voltage Gain| 14.9 |4p



In addition to utilizing ADIsimRF, a link budget for the transmit path was completed by
hand and is summarized by the calculations, table, and the final system diagram shown
below. It's important to note that the link budget is dependent on the response of the
devices across the frequency range. In other words at the lower and upper frequencies the
output power for each device is slightly different. To accommodate for this discrepancy and
illustrate the power swing of the overall system, the link budget was completed to indicate
the power levels for each stage at 2.3GHz as well as 2.6GHz.

Link Budget calculations at 2.3GHz and 2.6GHz for Transmit Stage

Link Budget for LO path
LO Power at 2.3GHz = 4.60dBm + 14.54dB — 3.37dB — 3dB = 12.77dBm
LO Power at 2.6GHz = 4.25dBm + 13.75dB — 3.48dB — 3dB = 11.52dBm

LO Power Swing = 12.77dBm — 11.52dBm

Link Budget for RF (transmit) path
RF transmit Power at 2.3GHz = 4.60dBm + 14.54dB — 3.48dB = 15.66dBm
RF transmit Power at 2.6GHz = 4.25dBm + 13.75dB — 3.63dB = 14.27dBm

RF transmit Power Swing = 15.66dBm — 14.27dBm

Summary of Link Budget Analysis for LO and Transmit paths

Frequency Local Oscillator RF transmit
Power Power
2.3 GHz 12.77dBm 15.66dBm

2.6 GHz 11.52dBm 14.27dBm



Final System Diagram

RF Power =
VTune: 1-3.75Vpp Power Out P1dB 19.14-18 dBm P1: oss = 3.48-3.63d8
Vee: SV =4.60-4.25d8m =19.47-20,09dBm /
Modulator LNA Y / RF transmit Power
ATMEGA R0S-2625-119+ TAMP-272LN+ Power Spliter BP2ULY Koy = 15,66-14.37dBm

f=2.3-2.6GHz Gain A Patch Antenna
=14.54-13.75d8 P2: loss = 3.37-3.48d8

Attenuation =
L0 Power = 3dB attenuator GAT-3+ 300303 dB

12.77-11.52 dBm

Mixer
Laptop (Matlab) o] ADE-R3GLH+ e TAMIﬂ?ZLM ™
designed)
Gain Gain Patch Antenna
=14.54-13.75d8 =14.54-13.75dB

Similar calculations were completed for the Receive path. The calculation for the Receive
path is dependent on the power that’s received by the system. While the power being
received is dependent on the operating range. Therefore, Frii’s equation was utilized to
obtained the received power when a target is set at 1,10, 25, and 50 meters away. The
calculated power was then used as the input power for the ADIsimRF calculations. Thus, for
the RF path four calculations were completed on ADIsimRF depending on the range of the
object. Since a patch antenna was to be used in this system, the antenna gain was estimated
to range between 6-8dBi. The following tables summarize the Link Budget analysis
completed using ADIsimRF.

Received Power vs. Range

1m -21.58dBm
10m -65.53dBm
25m -81.44dBm

50m -93.28dBm




The table above indicates the power that would be obtained at the patch antenna on the
receive end based on the transmit power of 14.9dBm, a metal target of .3 square meters,
and an antenna gain of 6-8dBi. These values were all obtained using Frii’s transmission
equation. The final results of the Link Budget were meant to estimate the voltage and
power level at the mixer output. This data would later be used to determine the gain
required for the baseband amplifiers.

Finalized Link Budget (Receive Power)

Range Power Received Mixer Output Mixer Output
Power Voltage
1m -21.58dBm -3.53dBm 420.74mVpp
10m -65.53dBm -43.53dBm 4.21mVpp
25m -81.44dBm -59.44dBm 673.78uVpp
50m -93.28dBm -71.48dBm 168.47uVpp

The final portion of the overall system performance analyzes the amount of DC current
required to drive the entire system. The only active elements in the RF section of this
system were the LNA'’s, the VCO, and the components in the modulator circuit. All of the
values for the required DC currents were obtained from the respective datasheets, and are
summarized in the table below.

DC Current Specifications

Component Current Draw
LNA (x3) 60 mA
VCO 35 mA

ATMEGA processor = 4 mA
(Modulator circuit)

DAC 250 uA
(Modulator circuit)

Therefore, the total DC current required for this system is 219.25mA. This value is of key
importance when determining the trace width of the power rail on the PCB layout.



RF PCB Layout

When designing RF PCB layouts there are several factors that must be considered, which
aren’t prevalent in typical baseband layouts. The two key factors are matching and
grounding. Nevertheless, these issues will be touched upon within the following step-by -
step analysis of the RF PCB Layout design in KiCad. KiCad is an open source software for
electronic design automation (EDA) that is recommended for those who may not have in-
depth knowledge of PCB design. The learning curve is much less than using cadence or
Eagle.

The first step in this process is to build the schematic. The picture below depicts the
entire schematic for the final design.

PCB Schematic
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The RF portion consists of the Modulator (ATMEGA and DAC), VCO, Splitter, LNA,
Attenuator, and Mixer. Other than the components themselves, the RF portion didn’t
require any external networks. Nevertheless, bypass capacitors were placed at the biasing



pin of the VCO and LNAs. These bypass capacitors would serve to conduct any AC signals on
the DC rails to ground. The VCO and LNAs are critical areas for bypass capacitors because
they require the most current. Although the bypass capacitors aren't required, due to the
internal biasing networks in the modular devices, it’s a best practice to include them to
minimize noise from the DC supply. After the schematic was assembled, the footprints for
the RF components had to be put together. To accomplish this the footprint dimensions in
the datasheets had to followed precisely. The following are all of the RF footprints that
were created in KiCad.

RF Component Footprints
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With all of the footprints for the individual components completed, the CvPCB tool in KiCad
was utilized to assign each component in the schematic to a respective footprint. The final
CvPCB window was as follows.



Final CvPCB Window

1 ADE-R3GLE+L - MIXER : MIXER 1 1pin
2 MPL - OPA2227 : DIP-8_ 300 2 1PIN_SMD
3 BR2UL+L - SELITTER : SPLITTER 3 2PIN_6mm
4 BT1 - BATTERY : PIN_ARRAY_2X1 4 3M-N7ESQ
5 c1- : SMO603 5 3PIN_6mm
[ c2 - : SMOG03 6 8DIPCMS

3 - : SM0G03 7 20TEX-ELL300
(] c4 - : SM0G03 & 20TEX300
9 cs - : SM0G03 9 24tex300
10 6 - : SM0G03 10 24TEXT-E11300
1 c1 : SMO603 11 28TEX-E11600
12 ce : SM0603 12 28tex600
13 ce : SMOE03 13 40tex-E11600
14 c10 : SM0603 14 40tex600
15 c11 : SM0603 15 go1ee
16 c13 : SM0603 16 ADLS611
1 c14 : SMOG03 17 ADSP2100
1 c1s : SMOG03 18 AFF_2x7SEG-DIGIT_10mm
19 16 : SMOG03 19 AK300-2
20 c17 : SMOG03 20 atmel-MLF44
21 c1e 21 AUDIO
22 c1e 22 BARREL_JACK
23 c20 23 BGAdE
24 GAT-3+1 24 BGA64-0.8mm
25 1 - LTMEGA328P-P @ 25 BGRA90-0.8
26 K1
27 K2
28 MAX291CSA+1 -
29 P1
30 P2
31 P3 31 BGA484_lmm
3; P4 32 BGA1023_lmm
33 Rl 33 BGA1156_lmm
3¢ R2 34 BGA1295_lmm
35 R3 35 bnc
36 R4 36 bnc-ci
37 RS 37 bornier2
38 RE 38 bornier3
39 R7 39 bornierd
40 RE 40 borniers
41 R9 41 bornieré
4 RI1 42 BUSECI
43 R0S-2500-2319+1 - 43 BUS_AT
4 RVL 44 BUZ3-5
45 RV2 - 45 BUZZER
16 RV - 46 C1
47 53-3523-SMI-TRL - 2l 1 e

The final and most important step in the PCB process is setting up the layout. For the RF
portion of the layout there are several factors that must be considered. The primary
concerns are the matching characteristics of the system as well as the grounding. The
matching characteristics aren't of crucial importance, mainly because the distances
separating the components are short. The equation for the input impedance of a terminated
lossless transmission line demonstrates the validity of this claim.

P Z; + jZ,tanpl
= %0 7 +jZ tanpl

When the length of the transmission line (1) is small the above expression simplifies to

Therefore, when the distances between components are small, matching isn’t critical.
Nevertheless, to insure the proper operation of the system it’s always best to match
components. A typical microstrip line at a frequency of 2.4GHz would be too wide for this
particular design. This is demonstrated in the diagram on the next page, where the width of
a Microstrip Line was calculated using the board and system specifications. The following
calculations were obtained using the PCB calculator in KiCad.



Microstrip line Calculations

1S Pcb Calculator - = m

Regulators | Track Width | Electrical Spacing | TransLine RFAttenuators[ColorCode Board Classes

Transmission Line Type: Substrate Parameters Physical Parameters
® Microstrip Line Er 45 W 117.224 mil v
(L) Coplanar wave guide TanD 0.02 L0 mil v
() Grounded Coplanar wave guide Rho |1.72e-008 i
() Rectangular Waveguide H 16— r
. v S
(O Coaxial Line Ht [1ero0 o G| Analyze @
— _t le+ v : .
(O Coupled Microstrip Line mfn Electrical Parameters:
O Stripline T mi_ 20 |50 Ohm v
~ Rough |0
O Twisted Pair ovan (? ||mm ¥
Mur |1 Angl 0 Radian v
MurC |1 i
W Results:
i Component Parameters: ErEff 340722
Conductor Losses 0dB
/ Frequency |24 GHz v Dielectric Losses 0dB
I 2 Skin Depth 1.34734
T1 H

A grounded coplanar waveguide is a more practical alternative. The Diagram below
outlines the physical dimensions required for the coplanar waveguide used in this design.

Grounded Coplanar Waveguide Calculations

rRegulators Track Width | Electrical Spacing ] TransLine [ RF Attenuators l Color Code I Board Classesl

Transmission Line Type: Substrate Parameters Physical Parameters
® Microstrip Line Er 45 [I] W 1.07795 mm  v|©
(©) Coplanar wave guide TanD 2e-2 S 02 mm v |

© Grounded Coplanar wave guide Rho 172e-8 Lo mm v

Recta-ngtflar Waveguide iy [z E] :
() Coaxial Line - &[ Analyze ] [ Synthetize JQ
mil v

T 14 ; ;
() Coupled Microstrip Line Electrical Parameters:

@ Stripline Mg | 20 50
[Radion _~|

() Twisted Pair

Ang_| 0 Radian ~

Results:
S WS

-t Component Parameters: ErEff 2.4624

Conductor Losses 0 dB
Dielectric Losses 0dB
Skin Depth  1.34734

Frequency 24 GHz ~




The above diagram confirms that the grounded coplanar waveguide requires a thinner
trace than the microstrip line. Using thin traces on PCB boards is ideal, because it allows for
a more compact design. The usage of the grounded coplanar waveguide required for
ground plans on the top and bottom layers of the board as well as a specified separation
between the conductor and the upper ground plane. The required separation can be
obtained by setting the trace clearances in KiCad to be equivalent to the desired separation.
Before continuing with the design of the overall PCB layout the dimensions of the coplanar
waveguide obtained through KiCad were recalculated using the LineCalc tool in ADS. Using
ADS to make or confirm RF related calculations is highly recommended, due to the accurate
modeling that it provides.

Confirmation of Coplanar Waveguide Calculations in ADS

Component

Type [cPwW v © [cPw: cPw2 -
Substrate Parameters
Calculated Results
ID  CPWSubl - K_Eff = 2531
A_DB =0.000

H SkinDepth = 0.052
Er

4.500
Mur

1.000
Cond

5.96e7

Physical

T w 1.07795 Fix

L0 =
TanD
Rough

0.000 [@ Synthesize Analyze
DesignSyncToSlots [ |ZI ] [ |z| ]

0.000

Electrical

DielectricLossModel 20 52.210500 Ohm -

1.000 N/A

E_Eff 0.000000

FregForEpsrTanD N/A

1.000
LowFregForTanD

1.000
HighFregForTanD

1.000

Component Parameters

Freg 2.400 GHz -

The usage of a coplanar waveguide leads to the second consideration that must be noted
when designing RF PCB'’s. Insuring continuous grounding between the top and bottom
layers of the coplanar waveguide is of crucial importance. To enhance the grounding of the
board, particularly the RF portion, vias are used to stitch the two layers together.



Thus, through insuring perfect matching and continuous grounding the PCB layout can be
completed. The picture below outlines the PCB layout for the final PCB design.

Final PCB Layout
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The RF portion of the layout begins at the bottom center of the board and continues onto
the left side. As it can be seen, the thickest traces in the layout resemble the coplanar
waveguide. Additionally, the distances between each RF component were kept as small as
possible to reduce the effects of possible mismatches. Furthermore, the entire RF portion of
the layout was filled with vias in order in insure that the ground planes were stitched
together and continuous. A three dimensional view of the layout can be examined below.

3D view of Final PCB Layout

With the completion of the PCB layout, the Gerber files can then be generated and the PCB
can be manufactured.



Conclusion

This paper presented a comprehension outline of what is required to successfully complete
the RF Systems Design and PCB Implementation of an FMCW /Doppler Radar. First, the
System design was outlined through examining the required components and
specifications to build a functional radar. After outlining the nuances of the system design,
the PCB layout process was discussed, and the important considerations when designing a
RF PCB were presented. Radars are intricate systems that require a great deal of analysis to
design. The RF portion of the Radar defines the capabilities of the overall system. The range
and resolution of the radar are all dependent on the design of the RF System. This paper
tackles the critical aspects of such a design, and reduces the complexity of realizing a
functional FMCW /Doppler Radar.



