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ABSTRACT
ISM S-Band CubeSat Radio designed for the PolySat System Board

Craig Lee Francis

Cal Poly’s PolySat CubeSat satellites have begun to conduct more complex and
scientifically significant experiments. The large data products generated by these
missions demonstrate the necessity for higher data rate communication than currently
provided by the PolySat UHF radio. This thesis leverages the proliferation of consumer
wireless monolithic transceivers to develop a 250kbps to 2000kbps, 2W CubeSat radio
operating within the 2.45GHz Industrial, Scientific, and Medical (ISM) radio band.

Estimating a link budget for a realistic CubeSat leads to the conclusion that this
system will require a large deployable CubeSat antenna, large earth station satellite dish,
and a fine-pointing attitude control system. Noise floor measurements of a CubeSat
ground station demonstrate that terrestrial ISM interference can be minimized to below
the thermal noise floor by carefully choosing the operating frequency.

The radio is specifically designed as a daughter board for the PolySat System
Board with a direct interface to the embedded Linux microprocessor. A state-of-the-art
ZigBee transceiver evaluation board is measured to confirm its suitability for a CubeSat
radio. A schematic is developed, which integrates the transceiver, power amplifier, low
noise amplifier, amplifier protection circuitry, switching regulators, and RF power
measurement into a single printed circuit board assembly (PCBA). The circuitry is then
squeezed into a high-density, 1.4” x 3.3” layout. The PCBA is then manufactured,

troubleshot, tuned, and characterized.
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1 Introduction

1.1 PolySat/CubeSat Laboratory Background

PolySat is a multi-disciplinary graduate and undergraduate engineering team that
focuses on custom CubeSat satellite development. The PolySat lab currently resides in
Building 192, room 101 and within the Advanced Technology Laboratory on the campus
of California Polytechnic State University, San Luis Obispo. Instead of purchasing off-
the-shelf CubeSat kits, the PolySat team designs custom electronics, structures, and
software. Within a span of approximately three years, a PolySat member will typically
design, build, test, and operate a full CubeSat satellite mission on a multidisciplinary
team of mechanical, electrical, computer, aerospace, and software engineering students.

Within the same lab as the PolySat team, the CubeSat team maintains the
worldwide CubeSat standard cofounded by CubeSat’s principal investigator, Dr. Jordi
Puig-Suari. CubeSat performs integration and testing services for the launch of CubeSat
missions. CubeSats “piggyback" on launch vehicles for conventional satellites already
being launched by other organizations, such as NASA or the NRO. The CubeSat team
maintains the design for the Poly Picosatellite Orbital Deployer (P-POD) which is a
spring-loaded box that deploys CubeSats from the launch vehicle after reaching orbit.

Since its founding in 2000, PolySat has launched eight CubeSat missions.
PolySat’s missions are generally scientific or experimental pursuits funded by outside
entities. The recently launched IPEX satellite is a great example of a PolySat mission.
The IPEX mission was a joint effort between PolySat and the NASA Jet Propulsion
Laboratory (JPL) and was funded by NASA’s Earth Science Technology Office (ESTO).
IPEX is a 1U CubeSat, the smallest size in the CubeSat standard, corresponding to
dimensions of 10x10x10cm in volume and 1kg in weight. A picture of IPEX is shown in

Figure 1. IPEX houses five cell phone cameras on five different faces of the CubeSat for



capturing pictures of Earth; the low-resolution cameras are placeholders for actual
science instruments on future NASA missions. A secondary payload processor is loaded
with specialized onboard planning software developed by JPL to validate autonomous
payload operations for the NASA HYperSPectral Infra-Red Instrument (HyspIRI) mission.
[1] IPEX was launched in December 2013 and successfully completed all mission
objectives within its six month mission life span before becoming unresponsive after one
year of operation. Not shown in the picture is IPEX’s deployable monopole antenna
tuned for 437MHz; this antenna is deployed automatically after ejection into space. All
communication and data downlink for the mission was through this simple antenna at a

data rate of 9.6kbps.

Figure 1: IPEX, PolySat 1U CubeSat (10x10x11cm) [1]

CubeSats are low earth orbit (LEO) satellites generally between 300km and
1000km in altitude and travel at approximately 8 km/s. The satellites circle the Earth
approximately every 90 minutes and are within line-of-sight of a single point on Earth
approximately 5 times a day for less than 15 minutes as they fly horizon to horizon. As
the satellites fly overhead, they are communicated with by actively pointing a high-gain

antenna across the sky following the satellite’s path. All data is transmitted between the



satellite and earth station during these short passes. Figure 2 is a picture of the PolySat
“Friis” 437MHz earth station antenna, which is an array of four Yagi-Uda antennas
combined as a phased array to behave as a single antenna with high gain. This antenna

is located on the roof of Building 192 on the Cal Poly campus.

Figure 2: PolySat Earth Station, 437MHz Yagi Antenna Array

1.2 CubeSat Communication Frequencies
Cal Poly and PolySat alumnus Bryan Klofas maintains a table of CubeSat
communication systems along with his published papers and presentations on his
website: klofas.com. [2] According to the website, as of March 2015, 256 CubeSats have

deployed into space; the communication details of each CubeSat are published in his



table including: satellite size, radio, frequency, satellite service, protocol, data rate,

funding source, and life time. A snippet of the chart is shown in Figure 3. [3]

Version 9; Page 1 of 2. This chart shows the 256 total CubeSats deployed in orbit so far, for a total of 499 Units. March 10, 2015.
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Figure 3: CubeSat Communication Systems Table Snippet, Bryan

Klofas [3]

In February 2014, Klofas presented a presentation titled “CubeSat Radios: From

kilobits to Megabits,” in which he totaled the CubeSat transmit frequencies, satellite

service, and maximum data rates in the diagrams shown in Figure 4, Figure 5, and

Figure 6.

Transmitters (Total 172 transmitters):

— 145 MHz amateur radio: 13

— 437 MHz amateur radio: 112
— Other UHF spectrum: 13
— 915 MHz experimental: 14

— S-band: 15
— C-band: 1
— X-band: 4

145 MHz

437 MHz
UHF

915 MHz
S-band
C-band
X-band

0

25

50

75 100

Figure 4: CubeSat Transmit Frequencies (2003 to 2014), Bryan Klofas [4]
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Satellite Service (Total 196 transmitters):
— Amateur: 100
— Experimental: 53

- Government: 29 EEEEEEE——
Amateur

— Other: |
* Earth exploration: 2 c . tal
* Meteorological: 2 P

* Space research: 4
* Unlicensed/unknown: 6 Government _

Other F

0 20 40 60 80 100

Figure 5: CubeSat Satellite Service Licenses, (2003 to 2014), Bryan Klofas [4]

Max data rates (Total 144 transmitters):
— <9600 baud or CW: 85

— 9600 baud: 36

— 9600 baud to < 1 Mbps: 16

— 1 Mbps or greater: 7
* Hayato, DICE, CINEMA, Dove+

M less than 9600 baud
W 9600 baud

9600 baud to 1 Mbps
B 1 Mbps or greater

Figure 6: CubeSat Data Rates, (2003 to 2014), Bryan Klofas [4]

As of March 2015, 31 of 256 CubeSats have data rates greater than 9.6kbps and
11 CubeSats have been capable of data rates greater than 1000kbps. The first CubeSat
capable of communication above 1000kbps launched in 2010. The majority of CubeSats
have operated in the Amateur 70cm satellite band of 435MHz to 438MHz at data rates of
1.2kbps or 9.6kbps, including the latest Cal Poly PolySat satellites which communicate
at a data rate of 9.6kbps at 437MHz. After one year of operation, the PolySat IPEX
mission downlinked greater than 20MBs of data and imagery; this is the current data

record for the PolySat lab and is roughly equivalent to the size of five mp3 song files.



1.3 Motivation and Objectives of the S-Band Radio
The motivation of an S-Band radio is simply to increase the data downlink

capability for future PolySat missions requiring high data throughput. The radio will be
designed to consume minimal power and volume within the spacecraft. The radio will be
designed to fit within the current PolySat HyperCube bus architecture as a daughter
board for the System Board at a PCBA size of 1.4” x 3.3”. Another desired feature
described in “5.5 Amplifier Protection and RF Power Measurement,” is to protect the
radio amplifiers from open/short load conditions and excessive power input during
satellite development. The general high-level objectives of the S-Band radio are listed

below.

S-Band radio high level objectives:

e Increase satellite downlink and uplink data rate
o Data Rate > 100kbps

e Conform to PolySat System Board, daughter board B dimensions
o Size<14"x3.3"

e Minimize power consumption
o Receive mode power consumption <200mwW

e Power and low noise amplifier protection

o Protection from excessive VSWR and excessive input power



2 Summary of UHF Communication System

The primary radio for PolySat’s CP8 (IPEX), CP9, and CP10 (ExoCube) spacecraft
is the UHF radio board designed by Austin Williams in his thesis: A Compact,
Reconfigurable UHF Communication System Design for use with PolySat’s Embedded
Linux Platform. [5] The UHF board is tuned for the 70cm band, specifically for the
amateur satellite band 435-438 MHz; most CubeSat UHF communications are allocated
within this 3MHz bandwidth. The UHF board supports FSK, GFSK, MSK, GMSK, BPSK,
and OQPSK modulation, data rates from 1.2kbps to 600kbps, and 1W of transmit power.
[5]

Although the UHF board can technically support up to a 600kbps data rate, the
actual data rate is limited by satellite and earth station antenna gains, noise floor,
sensitivity, and transmit power. The UHF radio is used as the primary beacon and
command radio, therefore it is desirable to have a low-gain, omnidirectional antenna.
Low-gain, omnidirectional antennas ideally transmit and receive radiation equally in all
directions, which allow communication regardless of the satellite’s orientation with regard
to the ground station. This is desirable for the satellite’s primary command and control
radio link, because a robust link is required for mission critical commands and data
gathering. However, the low gain UHF antenna limits the data rate of the satellite. In
PolySat’s current missions, the UHF board is being utilized at a 9.6kbps data rate, but
further experimentation and optimization with the satellite and earth station may bring
that data rate higher in the future.

The highest practical data rate for the UHF link can be estimated by assuming a
low-gain satellite antenna and a high-gain ground station, such as the PolySat “Friis”
ground station. As described on the PolySat website, “The antennas consist of four

phased 436CP42UG yagi antennas built by M2 Antenna Systems Inc. mounted on a



AlfaSpid rotor system. A LNA 435 MKII low noise amplifier as attached on the mast.” [6]
According to the 436CP42UG antenna datasheet, the gain for each circularly-polarized
antenna is 18.9dBi equating to a beam width of 21 degrees. [7] Four 436CP42UG
antennas optimally phased together would theoretically result in a gain increase of 3dB
per doubling of antenna [8]; with four antennas, this equates to 18.9dBi + 3dB + 3dB =
24.9dBi. In practice, the gain of the antenna array would be less, but for this estimate we
will assume optimal phasing. David Adamy’s “EW101, A First Course in Electronic
Warfare,” is a great reference for calculating link budgets and general overview of RF.
Page 14 presents the link equation:
Pr=Pr+Gpr—L+Gg

Where Pr= received power in dBm; P, = transmitter output power in dBm; G, =
transmitting antenna gain; L = link losses including path loss, pointing loss, and
atmospheric loss; Ggz= receiving antenna gain in dB. [9]
The link loss L can be broken down into four major components:

L=Ls+ Lo+ Lyoine + Lyor
Where L = spreading loss dependent on distance and frequency; L,= atmospheric loss
dependent on frequency and angle which varies the distance traveled through earth’s
atmosphere; Ly,in: = pointing loss due to misalignment of maximum gain boresights of
the antennas; L,,; = polarization mismatch loss due to differences in polarization
between antennas. For the UHF ground station, spreading loss is the most significant
loss equal to Lg = 32.4 + 201og(f) + 20log(d). Where f = transmitted frequency in MHz
and d = transmission distance in km. For UHF, the atmospheric loss is insignificant with
worst-case loss of approximately 0.1dB at an elevation angle of 5 degrees from the
horizon. [10] To keep our estimate as optimistic as possible, we will assume no

misalignment between the ground station maximum gain boresight and the satellite with



Lyoint = 0. The satellite antenna is linearly polarized and the ground station is circularly

polarized resulting in a polarization loss approximately equal to 3dB according to EW101.
[0

Generally, the satellite transmit power is less than the ground station transmit
power; this is true for the PolySat UHF link. The satellite transmits 1W (30dBm),
whereas the ground station transmits up to 1kW (60dBm); therefore, assuming the
ground station and satellite receive sensitivity are equal, the weakest period of the radio
link is when the satellite is transmitting and ground station receiving. The Friis Cal Poly
ground station uses the UHF radio developed in Austin Williams’ thesis for both the
satellite and ground station radio. Williams measured the receive sensitivity of the radio

at various data rates, reproduced in the figure below. [2]



Table 1: Sensitivity of PolySat UHF Radio, Williams [5]

Packet Packet Signal
DataRate | Modulaton | Length # Packets |Error Rate| Strength
(kbps) Type (Bytes) | Transmitted (%) (dBm)
613 0 -119
519 0.2 -120
1.2 FSK 8 508 0.8 -121
545 6.3 -121
555 0 -118
541 0 -119
543 0 -119
2.4 FSK 8 509 0.4 -120
524 1 -121
594 5 -121
222 0 -115
206 0 -117
256 313 0.6 -118
315 9.2 -119
4.6 FSK 585 0.2 -118
3 509 0.8 -119
524 3.2 -120
371 14.5 -121
534 0 -97
506 0 -107
553 0 -111
9.6 FSK 256 510 0 -114
502 0 -116
503 4 -117
3 508 0.2 -117
510 1.5 -118
511 0 -108
557 0 -111
747 0 -112
19.2 FSK 256 561 02 114
514 0.4 -115
516 3.1 -116
575 0 -109
527 0 -112
FSK 256 550 0.5 -113
522 5.5 -114
592 0 -112
8.4 596 0 -114
542 0 -114
Pk 256 532 0 -116
534 11 -116
517 7 -117
1023 0 -101
1147 0 -104
FSK 256 1037 0.4 -106
1236 1.2 -107
1115 0.7 -107
100 1028 1 -108
1102 1.5 -109
PSK 256 1058 1.2 -110
1029 0.9 -111
1022 1.9 -112
1080 4.4 -113
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For the link distance, we will use PolySat’s IPEX satellite’s maximum altitude of
800km at an elevation angle of 15 degrees from the horizon. This is a real-world and
typical scenario for a low-earth orbit satellite. Using the “AMSAT/IARU Annotated Link

Model System” excel calculator, the 800km, 15 degree, link distance equates to 2033km.

[11]
System Orbit Performance: cP8 2012 July 17 Version: 2.4.1
CP8
[ NOTE 1 [ Blue_|= User Data Entry Values [ Red ]=Key Results NOTE: Cells Not Yet Protected
Element Reference Epoch: 2013. 87.50000 Black |= Computed Values (No Data Entry) =Critical User Data Entry Values
Orbit Properties
Slant Range to Spacecraft vs. Elevation Angle Orbit Velocity 5

%. acecraft

Parameter: Value: Unit:
Earth Radius: 6,378.14 km
Height of Apogee (ha): km
Height of Perigee (hp): km
Semi-Major Axis (a): 7.178.1 km
Eccentricity (s) 0.000000 h =mean height above surface
Inclination (1): 120.10 degrees S = Slant Range
Argument of Perigee (a): 0.0 degrees
RAAN. (C) 0.00000 degrees .
Mean Anomaly (M): 0.00 degrees & = elevation angle
Period: 100.874 minutes r=h+Re
do/dt: 0.8482 deq /day
dO/dt: 3.3031 deg./day
dircit: [Not Implemented|deg./day
Mean Orbit Altitude: 800.00 km Re =6378.136 km
Mean Orbit Radius: 717814 km
Sun Synchronous Inclination: 98.61 degrees i SEST
Elevation Angle (5} [ 150  degrees 5 =Re[{r"2/Re*2 - cos"2(8)}*1/2 -sin 8]

. To Center of Eath—8nwo .

Slant Range (S): [ 203298 Jkm N

Figure 7: IPEX (CP8) Link Distance Calculation

For this calculation, an optimistic (theoretical maximum) gain of 2.15dBi will be assumed
for the satellite dipole antenna. With the distance, frequency, losses, and antenna gains

defined, the best-case receive power at the ground station can be calculated by inputting
the numbers into the link equation.

Pg = Pr+ Gy —(32.4 + 20log(d) + 20log(f)) — Ly — Lpoint — Lpor + Gr

Pr =30dBm + 2.15dB — (32.4 + 20log(2033) + 20log(437))dB — 0 — 0 — 3dB + 24.9dB

Pg

—97.3dBm
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Looking at the receive sensitivity measurements from William’s thesis, it is
theoretically possible to achieve a 100kbps link with a margin of -97.3dBm — (-108dBm)
=10.7dB in the absolute best case scenario. The UHF board’s Axsem AX5042
transceiver can actually be configured up to a 600kbps data rate with a sensitivity of -
102dBm using PSK modulation according to the datasheet. [12] From Williams’
measurements, the UHF radio LNA increases the sensitivity by about 2dB; therefore a
600kbps link is theoretically possible with a margin of 6.7dBm.

In reality, satellite line losses, satellite antenna imperfections, pointing losses,
elevated noise floor from spacecraft electronics, and ground station imperfections will
reduce this receive downlink power. Even though the antenna would ideally be isotropic,
the spacecraft dipole has a point of minimum gain called the null. If the spacecraft is
tumbling or the ground station is not perfectly pointed at the satellite, the received power
will be further reduced in the form of pointing loss; this is the largest source of additional
loss. Williams’ thesis calculated the loss of a 5 degree pointing error, 10 degrees from
the antenna null as -8.2dB. Williams also estimated additional losses from line loss and
antenna imperfections to be -4dB. [2] In practice, the combination of these imperfections
equates to between 10 and 20dB of signal strength decrease from the optimistic
downlink power calculated before. Therefore, as a rule of thumb, the link budget should
have more than 15dB of margin than the best case, no-loss, perfectly aligned scenario. It
is simpler to calculate link budgets with idealized numbers and add margin than
attempting to model unpredictable pointing and implementation losses. PolySat’s IPEX
and Exocube (CP8 and CP10) satellites utilize the UHF radio at 9.6kbps. At 9.6kbps, the
UHF radio has a receive sensitivity margin of -97.3 — (-117) = 19.7dB. The realistic

receive power, including a 15dB margin is shown below:

12



Pgr = Pr+ Gr—(32.4+ 20log(d) + 20log(f)) — Ly — Lyoint — Lpot + Gg — Margin
Pg = 30dBm + 2.15dB — (32.4 + 20log(2033) + 20log(437))dB — 0 — 0 — 3dB
+ 24.9dB — 15dB

Pr=-112dBm

Even accounting for pointing and unexpected losses with this 15dB margin, the
IPEX mission still experienced spotty uplink at 9.6kbps. The receive sensitivity of IPEX
was measured to be -105dBm in an idle state and -99dBm during high activity. This 12
to 18dB reduction in spacecraft receive sensitivity was caused by spacecraft EMI
radiated by the close-proximity, poorly-shielded electronics near the UHF antenna, which
was mitigated but difficult to eliminate entirely due to the small form factor of CubeSats.
However, IPEX’s reduced receive sensitivity was compensated by a 100W ground
station amplifier which should have overcame the spacecraft noise floor with a total
uplink margin of around 20dB. Unfortunately, the issue was confounded by aging ground
station hardware and the bring-up and troubleshooting of the new ground station
hardware and software, so the true cause of the poor uplink is unknown. Regardless,
IPEX completed its mission successfully and the ground station successfully decoded

more data than any other PolySat satellite to date (>20MBSs).
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3 Increasing Receive Signal Strength

In order to investigate methods to increase downlink signal strength and thus
higher data rate of future satellites, the link equation will be investigated:
Pgr=Pr+Gr—(32.4+ 20log(d) + 20log(f)) — Lg — Lyoint — Lpor + Gr
The antenna gain equation for a typical 55% efficient parabolic dish, according to
EW101 [9]:
G =-42.2 +20log(D) + 20log(f)
Where D = reflector diameter in meters and f = frequency in MHz.
Plugging the antenna gain equation into the link equation reveals:
Pgr =Py —42.2 +20log(Dy,,) + 20log(f) — (32.4 + 20log(d) + 20log(f)) — Ly — Lyoint
— Lot —42.2 + 20log(D 4rouna) + 20log(f)
Reducing and simplifying gives:

Pg = Py +20log(Dy,,) + 20log(f) — 20log(d) — Ly — Lpoine — Lpor + 20109 (D groyna) — 116.8
As tertiary payloads, CubeSats do not usually get to choose their orbit; therefore losses
from distance and atmosphere are not in control of CubeSat engineers.

The equation can be reduced to parameters controllable by CubeSat developers:
Pg = Py + 20log(Dy,) + 20log(f) + 20l0g(D grouna) — L

Where L = link loss dependent on orbit, pointing accuracy, and additional losses not

easily controlled by CubeSat hardware developers.

Looking at the equation shows that doubling transmit power will increase receive
signal strength by 3dB, however, due to the small size of a cubesat (3U cubesat = 10cm
x 300cm), increasing the transmit power will quickly reach a limit due to thermal
dissipation limits and limited solar input power. A maximum practical cubesat transmit
power is about 4W. Doubling satellite antenna size will increase receive signal strength

by 6dB, but the small size of a CubeSat also limits the practical maximum size that can
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be folded into its volume. Deployable dish antennas have been implemented by several
CubeSat developers, for example the Aeneas 3U nanosatellite built by University of
Southern California featured a 0.5m deployable dish. [13]

Receive power increases with 20log(f) and ZOIog(ngund), therefore receive

signal strength increases by +6dB for each doubling of frequency or doubling of ground
station antenna size. After a certain point, doubling the ground station dish size is no
longer practical. After about 12m (~40ft), the antenna cost due to size becomes
impractical for non-government entities.

Therefore, several changes can be employed to increase data rates for PolySat
satellites: transmit power from the satellite should be at least doubled to 2W for an
additional 3dB, the radio frequency should be increased, satellite antenna size should be
increased, and ground station antenna size should be increased. A large change in any
one of these parameters is impractical, but a combination of increasing each parameter
by a practical amount will result in a higher data rate system.

Increased data rate is the primary motivation behind an S-Band communication
system. The method of increasing the data rate is by changing the parameters of the link

equation until economic or practical limits are reached, these changes are listed below:

1. Increase the frequency from 400MHz to 2400MHz, resulting in increased
antenna gain compared to physical size. Consumer-off-the-shelf (COTS)
components and design literature are available for 2400MHz designs due to the
proliferation of ISM communication devices. The next highest frequency with
COTS component support would be 5.8GHz. However, at 5.8GHz more
specialized design techniques are required due to the increased significance of
PCB trace length, the requirement to move from lumped elements (surface

mount inductors and capacitors) to distributed microstrip elements, and required
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simulation software packages. Features longer than 1/20™ of a wavelength are
significant in RF design, at 2.4GHz this is 6.25mm and at 5.8GHz this is 3mm.
Designing a 5.8GHz radio would require more time, money, and effort than
designing a 2.4GHz radio, but moving to a higher frequency is unavoidable in the
future.

2. Adding a 4.5m dish to the PolySat ground station network. A 4.5m dish, under
$15,000, seems practical and manageable for the PolySat lab. At 2.4GHz, a
4.5m dish kit with a gain of 39.4dB can be purchased online from
rfhamdesign.com. [14]

3. Increase satellite transmit power to 2W (33dBm), resulting in a 3dB increase
compared to 1W. 2.4GHz COTS amplifiers above 2W are not easily available
and require more complex thermal management.

4. Requiring a higher gain antenna on the satellite, either a patch or deployable dish.
Realistically a deployable dish would be required to meet the link budget margin
at the higher data rates. A high gain dish would also require more complex
attitude control systems, such as the system designed for PolySat’'s ExoCube
mission, to steer and point the satellite at the ground station. A 0.5m dish would
provide around 17dBi of gain.

The S-Band radio could also provide redundancy in the event of an UHF
communications system failure, but with a high gain antenna, communication would be

less robust.
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4 ISM S-Band Radio System Requirements and Overview

The derived requirements for the Intrepid S-Band ISM Radio (ISIR) are as follows:

Table 2: Intrepid S-Band ISM Radio Derived Requirements

ISIR Target Specifications

Frequency Range 2400 — 2483.5 MHz (ISM Band)
Maximum Transmit Power 2W (33dBm)
Receive Mode Power Consumption 200mw
Transmit Mode Power Consumption 8w
Digital Interface SPIl or UART
Doppler ToIerancg_or Correction +/- 70kHz
Capability
Physical Dimensions Intrepid Daughter Board B, 1.4” x 3.3”
Minimum Link Distance 2100 km
Amplifier Protection PA and LNA

The receive power draw was derived from the 130mW consumption of the UHF
radio in receive mode with added margin. [2] The transmit power draw is derived from
2W power amplifier operating at a saturated efficiency of 30% and powered from a 90%
efficient power regulator with an added margin of 0.5W. The radio must be able to
correct or tolerate a Doppler shift of approximately 50 kHz as described later in 4.5.2
Evaluation Board Doppler Tolerance Measurement; a 20 kHz margin was added. The
minimum link distance was taken from the IPEX orbit of 800km at an elevation angle of
15 degrees, which seems like a typical CubeSat low-earth-orbit (LEO). The link distance
will not only depend on the radio receive sensitivity, but also the ground station
specifications such as antenna gain, transmit power, and noise floor.

Figure 8 shows a conceptual diagram of the Intrepid S-Band ISM Radio (ISIR).
The transceiver interfaces to the command and data handling (C&DH) processor
through either SPI or UART. The RF output of the transceiver is switched between an
external power amplifier (PA) and low noise amplifier (LNA) for transmit and receive.

Circuits for amplifier protection are desirable to prevent damage during lab testing.
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Transmit power measurement is desired for closed loop control of the power amplifier
output power by the C&DH. The radio will interface to one or two directional antennas
mounted on the satellite through coaxial connectors. Not shown in the picture are the

power regulators, power sensors, temperature sensors, and additional glue circuitry.

33dBm Directional Antenna

Transceiver g T
(XCVR) [ ]

THIRX

[ LNAPmtection
WVSWR Detection
Power Measurement

PAPWR  LNAPWR

Figure 8: Intrepid S-Band ISM Radio (ISIR) Diagram

4.1 Component Trade Studies

Every RF component for the Intrepid S-Band ISM Radio was carefully selected by
comparing commercially available components and choosing the component with the
best figure of merits; this process is referred to as a component trade study. The most
critical component in the radio design is the transceiver IC, which is the transducer
between the satellite processor’s data interface and the RF signal. The transceiver is an
RFIC microcontroller that filters, demodulates, decodes, and converts the RF signal onto
a data bus interface supported by the satellite microprocessor, usually SPI or UART.
The transceiver was selected based on the following criteria from most significant to
least significant: temperature range, receive sensitivity, frequency range, power
consumption, data rates, evaluation board availability, software availability, transmit

power, modulation types, buffer size, forward error correction, and antenna interface.

18



Over 20 transceivers were researched online and compiled into an Excel table for easy

comparison. The excel table is too large for this document, but a snap shot of a portion

of the table is

shown in Figure 9.

Manufacturer Part Number | Supply Voltage Standby Current | Frequency Range Data Rate Interface Antenna Interface Protot
Texas Instruments CC2530 2-3.6V 24mA 2.394-2.507GHz _ |250kbs SPI, 12C Differential 802154, 2
Texas CC2500 1836V 18 8mA 2.4-2 4335GHz 1.2-500kBaud SPI Differential None?
Atmel [ATR2406 2.9-3 6V 57TmA 2 4-2 4335GHz 72/144/288/576/1152kbps SPI Single (Tx) and Diff (Rx]

Analog Devices [ADF7242 1836V 19mA 2 4-2 4335GHz 0-2000kbps (variable SPI Dual Differential (Rx & Tsx). or Diff with diversity [802 154, €
Analog Devices [ADFT241 50kbps

Austrian AS3940 2.2-3 6V | 9mA 05 to 2 46GHz 50, 1000, 2000 kbps SPI Differential None?
Cypress icond CYRF7936 8-3.6V 2mA to 2 483GHz 50 with DSSS. 1mbps at GFSK Proprietary Differential

CEL ZIC2410 5V and 3V 2mA to 2483GHz 50, 500, and 1000kbps SPI Differential 4,7
Ember IEM; 2.1-3.6V mA .4 to 2.485GH 50kbps uart, SPI Single (optional dual 4,
Freescale Semiconductor [MC1323x 8to 3.6V 4.2mA 405 t0 2.48 GHz |250kbps SPI, 12C, UART |Differential 4,
Freescale Semiconductor [MC13202 2-3.4V TmA 405 t0 2.48 GHz |250kbps SP Dual Differential 4,
Atmel [AT8BRF230 Bto 36V BmA 05t0 2.4 Hz |250kbps SPi Differential 4.
Atmel |AT8BRF231 2 3mA 50, 500kbps, 1, 2mbps Diff, with antenna diversit

MicraChip MRF24J40 2.4-3 6V SmA 2 405 to 2.48 GHz 250, 625 kbps SPI Differential 802154
RFMD ML2724 2733V 5mA 2 4 to 2 485GHz _636Mbps 3 Wire Serial _|Singe and Dual? NJA

RFMD ML273 -3 6V 63mA 4 ta 2 485GHz 76, 1152, 1636, 1766, 2048kbps 3 Wire Serial _|Separate: Single Rx. Diff Tx NJA

Texas Instruments CC252 8-3.8V 2 3mA 394 to 2 507GHz |250kbps SP Differantial 802154, 2
MicroHard MHX2400 vV 12mA .4 to 2.4835GHz |24 to 115.2kbps UART (RS232) |Single N/A

Atmel [ATB6RF233 8-3.6V 1.8mA .322 to 2.527GHz |250kbps, 500kbps, 1000kbps, 2000kbps |SP! Differential 802.15.4,2
Nordic mRFZALUH 9-36 3.5mA 4GHz |260kbps. 1Mbps, 2Mbps SP|

Figure 9: Portion of Transceiver Trade Study Excel Sheet

The Atmel AT86RF233 ZigBee transceiver was selected due to its high receive

sensitivity, low power draw, variable frequencies and data rates, evaluation board

availability, and sufficient software support. The Atmel AT86RF233 transceiver

specifications

Modul

@)
@)
@)
@)

Power

Noise

O

O
o
O
O

are summarized in the bulleted list below:

Frequency: 2.322 to 2.527 GHz, 500kHz channel spacing
Channel Size: 2.3MHz (Spread-spectrum)

ation: O-QPSK

Protocol: ZigBee IEEE 802.15.4, supports FEC

Processor Interface: SPI bus, 128 FIFO SRAM buffer size.
Data Rates: 250kbps, 500kbps, 1000kbps, or 2000kbps.
Receive Sensitivity: varies with data rate

250kbps: -101dBm
500kbps: -96dBm
1000kbps: -94dBm
200kbps: -88dBm

Programmable Transmit Power: -17dBm to 4dBm

Consumption: 20mW RX, 46mW TX.

Antenna Interface: Differential
Temperature Range: -40C to +125C

Figure: 6dB

Additional Features:

Antenna diversity algorithm

External amplifier control

RSSI and LQI measurement

AES 128-bit hardware encryption

Time and phase measurement support (ranging)
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As the schematic was developed, trade studies were performed for each critical
component in the design including the: transceiver, low noise amplifier, high power
amplifier, bandpass filter, low pass filter, high power RF switch, low power RF switch,
directional couplers, balun, oscillator, RF detectors, and power regulators. The power
draw of the radio must be minimized, so power consumption is a significant specification
when searching for components. The peak power generation of a 1U CubeSat with 2
solar cells per side is approximately 2W while illuminated, but the average power
depends on the orbit parameters and the resulting duty cycle of sunlight and eclipse.
IPEX had periods of 1.2W average solar power due to the amount of time spent in the
sunlight compared to the time spent in the shadow of the Earth. The radio is an
important, but small part of the satellite mission. The radio power draw must be
minimized so that the solar power can be utilized by the mission payload to meet
mission objectives.

Table 3 lists the figures of merit and power draw for the five most important
components in the radio design: the transceiver, power amplifier, low noise amplifier,

oscillator, and power regulator.
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Table 3: Important Components and Figures of Merit

Description | Manufacturer lerirt:er Important Figures of Merit lTDOrv;vevr
TX Power: -17dBm to 4dBm
Noise Figure: 6dB
Receive Sensitivity: -101dBm at
Transceiver 250kbps 20mW RX
(XCVR) Atmel ATBBRF233 | ata Rates (kbps): 250, 500, 1000, | 46mW TX
2000
Interface: SPI
Modulation: O-QPSK
Maximum TX Power: 34.5dBm
Power Efficiency: 30%
Amplfiier RFMD RFPA2026 . . 6.8W TX
(PA) Ga_m. 37_dB
Noise Figure: 5.6dB
Low Noise NF: 1.1dB
Amplifier Maxim MAX2692 | Gain: 18dB 13.2mwW
(LNA) P1dB: -16dBm
Temperature
Controlled ECS-
Crystal ECS 2532HS- Frequency Stability: +/-10ppm 30mw
Oscillator 160-3-G
(TCXO)
Power Texas Efficiency: 90%
Regulator Instruments TPS63020 Max Current: 3A )

4.2 |ISM Noise Floor

The radio operates in the unlicensed 2.400 to 2.4835 GHz industrial, scientific, and

medical (ISM) radio band. Twelve portions of the radio spectrum are allocated for the

ISM band by the FCC with frequencies ranging from 6.78MHz up to 245.00 GHz. [15]

ISM is reserved for non-communication applications such as heating, cooking,

ultrasonics, cleaners, particle accelerators, radio astronomy, space research, and

mechanical vibration. [15] ISM equipment is permitted to radiate unlimited energy within

the ISM bands but the field strength level at specified distances is regulated by the FCC.

[15] These non-communication applications of RF radiation are segregated into these

ISM “junk” bands in order to isolate the high power noise generated by these

applications from the sensitive communication services utilizing the remainder of the

radio spectrum.
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In 1985, the FCC approved unlicensed spread spectrum radio communication
within the 915, 2450, and 5800 MHz ISM bands. [16] Allowing unlicensed devices to
share these ISM bands for communication purposes facilitated the proliferation of
consumer wireless devices such as cordless phones, wireless networking, garage door
openers, and other low power, short distance communication standards such as
Bluetooth, ZigBee, and WiFi. In order to share the unlicensed bands most effectively, the
FCC limits the types of modulation and output power radiated in these ISM bands. The
goal of these FCC limits is to maximize the number of devices successfully sharing the
ISM band by reducing interface. Radio communication within the ISM bands must
employ spread spectrum modulation techniques and are limited to a maximum of 1W
output power. These spread spectrum techniques deliberately increase the bandwidth of
a signal in order to reduce its susceptibility and contribution to interference to other
devices sharing the band.

The consumer ISM industry provides a vast supply of consumer-off-the-shelf
components (COTS) for use in a 2.4GHz satellite radio design. ISM COTs components
greatly reduce the cost, reduce design time, increase performance, and increase
reliability of 2.4GHz transceivers by leveraging the billions of dollars and man hours
already spent by companies to design, test, and improve ISM consumer devices.
However, the popularity of unlicensed ISM devices is also a weakness for satellite
communications due to the high interference levels produced by the ever-growing
number of ISM devices transmitting in-band. The earth station must be capable of
receiving a weak signal from an orbiting satellite greater than 1800km away through the
sea of interference caused by unpredictable, high power, in-band ISM devices
transmitting nearby. There are several potential fixes to this ISM interference issue: the
earth station can be located in a remote area devoid of ISM transmitters, the earth

station can employ filtering, shielding, or antenna design techniques to reduce terrestrial

22



ISM interference, the satellite frequency can be carefully chosen to occupy a “quieter”
portion of the ISM band, the modulation of the signal can be modified to increase
resistance to common ISM interference, and so forth.

Traditional, government satellites utilize expensive, specialty designed radios for
communicating in the quieter satellite S-Band spectrum: 2200 to 2300 MHz. However,
CubeSats cannot afford the same luxuries as traditional satellites: low budgets and short
schedules prevent CubeSat teams from obtaining government licenses in these satellite
bands and acquiring cost effective radios for these frequencies. Also, this S-Band
spectrum is reserved only for government-funded projects. The tradeoff of using a cheap,
efficient, reliable COTS ISM transceiver for a satellite S-Band radio is that it must
operate at lower data rates due to less specialized hardware and more in-band
interference.

In order to characterize the 2.4GHz noise floor of the earth station, the typical
transmitters must be identified in terms of frequency and power. Typical 2.4GHz
consumer communication devices in an urban environment include cordless phones,
Bluetooth devices, 802.11b Wi-Fi wireless routers, wireless USB devices, phones, video
game controllers, and ZigBee devices. The typical non-communication 2.4GHz device is
the microwave oven. A man-made noise floor study in the S and L bands by NASA was
conducted utilizing a feed horn antenna, spectrum analyzer, power supply, and
computer called the L and S band Spectrum Measurement (LSSM) system shown in
Figure 10. [17] Figure 11 shows the LSSM power spectrum measurement in the 2.4GHZ
ISM band in downtown San Jose at ground level; the noise floor in the AT86RF233’s
2.3MHz bandwidth would be around -78dBm which is 32dB higher than the thermal
noise floor of -110dBm. Interference strength of -78dBm is unacceptable for a satellite

earth station and the station would not be able to receive data from the satellite with this
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amount of ISM interference; the satellite would have to increase its transmit power by

three orders of magnitude to overcome this level of interference.

Camera
GPS Antenna

Horn Antenna Front End Box

Motor Spectrum Analyzer

AC Power Supply

DC Power Supply

Computer

Figure 10: NASA Measurements of Man-Made Noise Floor, L and S bands

Spectrum Measurement System (LSSM) [17]
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Figure 11: LSSM 2.4GHz Noise Floor Measurements, Downtown San Jose, 0

Degree Elevation [17]
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However, the measurements made in this NASA study are taken from a 16dBi
horn antenna rotated at O degree elevation at street level. This means the high gain
antenna was pointed directly at the interfering transmitters, which maximizes the
measured interference. These measurements are not directly applicable for high gain
earth station antennas pointed into the sky and away from consumer ISM interference.
Figure 12 shows measured interference power from the same study at a nature preserve
as the antenna is held at O elevation ground level and azimuthally rotated. A -85dBm
interference spike is shown at 120 degrees when the horn is directly pointed at an ISM
transmitter. However, when horn is pointed away from the interference the power level
drops to the thermal noise floor of -110dBm; this demonstrates that pointing a high gain
antenna away from interference sources greatly reduces the interference. Average
power measurements of a high gain antenna pointed into the sky at varying elevation
angles would be more useful for aerospace application, but such a study could not be
found. It is surprising that NASA would only study the noise level at 0 degrees of
elevation, when most of their applications are pointed toward the sky.

Angular Analysis

-50F---------------| —— Horizontal Horn
: | —— Vertical Horn
Thermal Noise Floor

Average Power [dBm/MHz]

-100f -

-110

120k - - e e e g
0 60 12 18 240 300 360
Angle [degree]

Figure 12: LSSM 2.4GHz Noise Floor Measurements, Jasper Ridge Preserve, 0

Degree Elevation, Azimuth Angle Varied
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The Atmel AT86RF233 not only supports the standard 16 ZigBee channels defined
in IEEE 802.15.4 but also any frequency from 2322MHz to 2527MHz with 500 kHz
spacing. Because the satellite is not required to follow the ZigBee standard, this
frequency selection flexibility allows the designer to select a frequency with the least
interference within the 2.400 to 2.4835 GHz ISM range. Interference can be minimized
by selecting a frequency outside or in between standard ISM channels.

The FCC requires that ISM communication be spread spectrum, this is generally
performed in two ways: frequency hop spread spectrum (FHSS) or direct sequence
spread spectrum (DSSS). For example, Bluetooth is a FHSS standard that changes
frequency 1600 times per seconds across pre-defined channels across the entire
2.4GHz ISM band. On the other hand, Wi-Fi is a DSSS standard that directly modulates
the carrier signal using a pseudo-random chipping code sequence which increases the
bandwidth of the signal but minimizes the effect of narrow-band interference sources
within the bandwidth while also rejecting signals with different pseudo random
sequences. ZigBee is a DSSS standard, so interference from FHSS sources are less
detrimental than interference from other DSSS sources; narrow band FHSS interference
will be reduced after de-spreading and the interference will only be temporary.

Figure 13 is a plot from an Atmel application note of ZigBee channels and the most
commonly used 2.4GHz Wi-Fi channels: Channel 1, Channel 6, and Channel 11. [18]
This figure shows that the satellite frequency can be chosen carefully by surveying the
ISM channels in use around the ground station site and choosing a frequency with

minimal overlap with those interference sources.
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Figure 13: Wi-Fi and ZigBee Channel Frequencies and Spacing [18]

To better understand the ISM interference problem, a rooftop interference survey

was performed on a commercial building rooftop in Irvine, California. A 24dBi parabolic

mesh antenna was purchased online for $45 and mounted on the pre-existing CubeSat

antenna rotor system as shown in Figure 14.

Figure 14: 2.4GHz, 24dBi Parabolic Antenna Mounted on Rotor System
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A Mini-Circuits ZX60-272LN+ low-noise amplifier, with 14dB gain and 0.75 noise
figure, was connected directly after the antenna as close to the antenna as possible to
minimize the effects of cable loss and to increase the sensitivity of the spectrum
analyzer; this mast-mounted low noise amplifier is typical for high-frequency antennas
systems. Figure 15 shows the low-noise amplifier connected as close to the parabolic

antenna as possible.

Figure 15: Low Noise Amplifier Connected to Antenna as Close as Possible

Figure 16 shows a diagram of the interference measurement setup. The antenna

was pointed at various directions and elevations while taking measurements of 2.4GHz

ISM activity.

28



TL-ANT2424B ZXB0-272LN+ SPECTRUM ANALYZER
G =24dBi G =14dB
NF = 0.75dB

Figure 16: Rooftop Interference Survey Diagram

The antenna was pointed at the azimuth angle of 285° toward the most buildings
and maximum ISM interference. Figure 17 and Figure 18 show the primary antenna
azimuth pointing direction during the interference survey. The antenna was kept at this
azimuth direction and the elevation of the antenna was varied between 0° and 90° while

taking spectrum measurements.

Figure 17: Antenna Side View
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Figure 18: Antenna Pointing at 285 Degrees Azimuth, 15° Elevation, Toward

Buildings, Interference Survey Direction

Figure 20 shows a one minute max hold measurement of the ISM band at an
elevation angle of O degrees. An elevation of 0 degrees produces that maximum
terrestrial interference. Note that the ISM band is 2.400 GHz and 2.4835 GHz, which
explains the low noise floor after 2.4835 GHz to the right of the measurement; this
2.4835 to 2.500 GHz portion of the frequency spectrum is purchased and reserved for
Globalstar satellite phone service. On the other side of the ISM band, 2.3325 to 2.345
GHz is reserved for XM and Sirius satellite radio and 2.300 to 2.390 GHz is reserved for
aeronautical mobile service telemetry.

Figure 19 shows an average power measurement of a 50 Ohm load input to the
low noise amplifier to characterize the measurement noise floor. Note that the spectrum
analyzer figure numbers do not take into account the 14dB of gain from the mast-
mounted low noise amplifier, so 14dB needs to be subtracted from the numbers in the
figures. Figure 21 shows the ISM band measured with a 50 point average to identify the

most persistent ISM interference. The three humps are Channel 1, Channel 6, and
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Channel 11 WiFi communication, which could be local or from the buildings on the
horizon. Figure 22 and Figure 23 show the same measurements with the antenna
pointed skyward at an elevation angle of 45 degrees; the ISM interference is reduced by

7 to 15 dB compared to 0 degree elevation.

Agilent

Mkrd4 2.4820 GHz
-109.7 dBm

Center 2.45 GHz
sRes BN 100 kHz

Figure 19: 50 Ohm Load, 50 Point Average, Instrument Noise

(Subtract 14dB for External LNA)
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Agilent

g.fk-% dBm Mkrl 2.4520 GHz

sRes BM 100 kHz 12.88 ms (401 p

Figure 20: ISM Interference Max Hold 1 Minute, Azimuth: 285°, Elevation 0°

(Subtract 14dB for External LNA)

Agilent

Mkrl 2.4593 GHz
Ref -60 dBm *Atten 0 dB
Samp
Log

6
dB/

Center 2.45 GHz
+Res BN 100 kHz

Figure 21: ISM Interference 50 Point Average, Azimuth: 285°, Elevation 0°

(Subtract 14dB for External LNA)
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Agilent
Mkrl 2.4295 GHz

g.fk-“ dBm *Atten 0 dB

Center 2.45 GHz
#Res BN 100 kHz

Figure 22: ISM Interference Max Hold 1 Minute, Azimuth: 285°, Elevation 45°

(Subtract 14dB for External LNA)

Agilent

Mkrl 2.4765 GHz
Ref -60dBm -101.4 dBm

Center 2.45 GHz
sRes BN 100 kHz

Figure 23: ISM Interference 50 Point Average, Azimuth: 285°, Elevation 45°

(Subtract 14dB for External LNA)
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The Wi-Fi interference is present at every elevation and azimuth angle which
indicates that the interference is likely from Wi-Fi hot spots nearby and most likely within
the building the antenna is mounted. In this sea of interference, points of little activity can
still be located. Marker 4 in these figures is the measurement at 2.4820 GHz; this
frequency is at the very edge of the ISM band and the edge of WiFi channel 11. The
peak interference at 45 degrees is -114dBm at 100kHz bandwidth and the average level

of interference at 2.4820GHz is below the noise floor of the measurement.

The interference sources at 2.4820 GHz were observed to be frequency hopping
FHSS signals that would minimally interfere with the DSSS radio receiver for short
bursts causing minimal packet drops. Figure 24 shows a 1 minute max hold zoomed in
at 2.482 GHz at an elevation of 0 degrees, which captured the peaks of the frequency
hopping transmissions. Figure 25 shows the same measurement at 45 degree elevation
showing that the interference sources are completely eliminated below the measurement
noise floor by pointing the antenna toward the sky. Based on these max hold and
average power measurements, 2.482 GHz would be the best choice for the ISM satellite

radio frequency at this ground station.

Figure 26 and Figure 27 show channel power measurements at 2.482 GHz and
also at 2.440 GHz for comparison. The AT86RF233 transceiver bandwidth is 2.3MHz, so
interference power within a 2.3MHz bandwidth was measured with a 50 point average.
The average interference at 2.482 GHz is more than 18dB less than the interference
present at 2.440 GHz; any possible interference at 2.482 GHz is below the
measurement noise floor at -109 dBm measured with a 50 Ohm load in Figure 28. Max
Hold and average measurements of the ISM band were made at different azimuth
angles as well, which confirmed low noise at 2.482 GHz in all directions; Figure 29

shows the max hold measurement made at an azimuth of 180 degrees.
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Agilent
Mkrl 2.481835 GHz

Ref -40 dBm sAtten 0 dB
Poak -—-——-—-—=

Center 2.482 GHz
+Res BN 1 MHz

Figure 24: 1 Minute Max Hold 2.482 GHz, Azimuth: 285°, Elevation 0°, FHSS

Interference (Subtract 14dB for External LNA)

Agilent

Ref -40 dBm sAtten 0 dB
Peak

Center 2.482 GHz
sRes BN 1 MHz

Figure 25: 1 Minute Max Hold 2.482 GHz, Azimuth: 285°, Elevation 45°, FHSS

Interference Reduced (Subtract 14dB for External LNA)
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Figure 26: Interference Channel Power 2.482 GHz, Azimuth: 285°, Elevation 45°

(Subtract 14dB for External LNA)

Agilent

Ref -60 dBm

Figure 27: Interference Channel Power 2.440 GHz, Azimuth: 285°, Elevation 45°

(Subtract 14dB for External LNA)
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Figure 28: 50 Ohm Load Channel Power, Measurement Noise Floor

(Subtract 14dB for External LNA)

Agilent
Mkrl 2.4360 GHz

g.fk-“ dBm *Atten 0 dB -65.02 dBm

AR TN a1
TR TN
— T T T T M

Center 2.45 GHz
*Res BN 100 kHz ep 12.88 ms (401 pts)

2.4368 6Hz
Freq 2,4030 GHz
Freq 2.4500 6Hz
Freq 2.4820 6Hz

Figure 29: ISM Interference Max Hold 1 Minute, Azimuth: 180°, Elevation 15°

(Subtract 14dB for External LNA)
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Figure 30 shows a plot of the average noise within a 2.3MHz bandwidth at three
frequencies in the ISM band as a function of antenna elevation angle. As discussed
earlier, 2.482 GHz had the least interference while 2.440 GHz was located in a more
active region of the band. The 2.440 GHz interference only decreases by 7dB when the
antenna is pointed toward the sky, indicating the noise is most likely local to the ground
station. The 2.450 GHz interference decreases by 16 dB at an elevation angles above

45 degrees, which probably indicates the transmitter was miles away.

'850 \ T T T T 1
-95.0 \
Avg Noise \
2.3MHz BW -100.0

(dBm) \\
e W

-110.0 -
-115.0
==2440GHz ¢ 20 40 60 80 100
#=2.450 GHz Elevation (Deg)
2.482 GHz

Figure 30: Interference vs Antenna Angle Measurements

The parabolic antenna used in this noise survey has 16dB less gain than the 5.8
meter dish proposed for the final ISM S-Band ground station. The interference is

expected to be reduced even further for the 4.5m dish while pointed skyward. These

measurements demonstrate the importance of surveying the ground station location and

carefully choosing the spacecraft communication frequency. However, even if

unexpected noise does appear within the chosen frequency, the spacecraft could be



commanded to another ISM frequency over the UHF link. The process of determining
and selecting a clear channel could be automated and coordinated between the satellite
and ground station computer during a pass, providing additional interference mitigation.
Also, if the satellite is communicating with a network of ground stations, each ground
station could indicate its local clear channel.

If pointing the dish toward the sky and carefully picking the satellite frequency is
not enough to reduce ground ISM interference, another approach is to locate the ground
station in a remote area with minimal ISM interference sources. For instance, a Cal Poly
ISM earth station could be located in a field near the agricultural areas on campus and

away from the library, dormitories, offices, labs, and class rooms.

4.3 Frequency Licensing

Even though the radio will operate in the internationally unlicensed ISM radio band,
satellite transmitters are still required to obtain a license from the federal government.
Non-federal missions are licensed with the FCC and federally-funded missions are
licensed through the NTIA. If the CubeSat is utilizing the amateur bands, it must also
coordinate with the International Amateur Radio Union (IARU). In 2013, the FCC
released a public notice titled “Guidance on Obtaining Licenses for Small Satellites,”
which recommends that CubeSats obtain a special license called an “experimental

license,” for missions that involve experimental (scientific and research) operations. [19]

Experimental licenses typically last for a few years and can be renewed regularly.
Experimental licenses do not have explicit frequency restrictions and an application can
be submitted for any frequency at any power. However, the acceptance of an application
is entirely at the discretion of the FCC. The FCC reviews each application on a case-by-

case basis and will reject any applications that they believe infringes or interferes with
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existing licenses and services. Additionally, the license can be canceled at any time and
transmission must be immediately halted if operations cause interference to licensed

users.

The FCC posts all experimental licenses, correspondence, and supporting
documents online with an accompanying search system. [20] By reviewing the accepted
and rejected experimental licenses, one can determine the de-facto frequency bands
allowed for CubeSat communication. Although the AT86RF233 transceiver is capable of
communicating in the quiet areas outside the ISM band 2.322 to 2.400 GHz and 2.4835
to 2.527 GHz, it is unlikely the FCC will approve a license utilizing those frequencies.
Searching the experimental license database demonstrates that historically no CubeSat
licenses have been approved for these frequencies. Applications that incorrectly
requested the ISM band of 2.4 to 2.5 GHz were rejected because the ISM band
technically ends at 2.483 GHz; this demonstrates that the FCC is deliberately limiting
CubeSat S-Band communication to the ISM band. Many CubeSat licenses in the
database are for the frequency range of 2400-2483.5 MHz, which does not restrict the
mission to an exact frequency and allows the mission to change its frequency within the

ISM band at will.

Experimental licenses allow CubeSats to transmit at power levels greater than the
general ISM 1W ERIP restriction. For example, Texas A&M was granted a CubeSat
license for 2400-2483.5 MHz at a transmit power of 8W ERP. [21] This precedent is

what allows the Intrepid ISM S-Band Radio to transmit above the ISM limit.
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4.4 Link Budget Estimates

4.4.1 Noise Floor Calculations

EW 102, Chapter 7 is referenced for estimating the link budget of the ISM system.
[22] The noise floor of the satellite and ground station will be estimated using the thermal
noise equation:

Ppyoise = kKTB
The equation in decibel form:
Proise(dBm) = k + 10LOG(T) + 10LOG(B)
Where Py,ise= Noise Power in dBm, k = Boltzmann’s Constant = -198.6dBm/HzK, T =
system temperature in Kelvin, and B = Bandwidth in Hz.

The system noise temperature is the sum of the equivalent receiver temperature
and the equivalent temperatures of other noise sources in the system. The equation for
system noise temperature is as follows:

Ts =Tanr + Trevr + Toruer
Where T, = system noise temperature, T,y = antenna noise temperature, Treyr =
receiver noise temperature including line loss to antenna, and Tyrysr = €quivalent
temperature of in-band interference, such as overlapping ISM channels.

The antenna noise temperature depends on what falls within the beam of the
antenna. The earth is approximately 290K, the sky is 10K or lower, and the sun
temperature is so high that the system is useless until the antenna is pointed away from
the sun. If the antenna pattern partially includes the earth and the sky, then the weighted
average of the temperatures estimates the antenna temperature. In the case of this
CubesSat, a high gain antenna will be pointed at a ground station on earth, so the

antenna noise temperature is 290K.
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The receiver noise temperature is the fixed amount of noise the receiver adds to

the signal which can be calculated from the receiver noise figure using the equation:
NF
TRCVR = (1010 - 1) TO

Where F = noise figure in dB and T, is the standard reference room temperature of 290K.
The AT86RF233 transceiver has a noise figure of 6dB, but the addition of an LNA will
reduce the system noise figure to approximately 4dB including the component and line
losses before the LNA. The satellite will not have additional noise due to ISM

interference due to its distance from ISM transmitters, so the additional temperature is 0.

The satellite noise floor is calculated to be approximately -106dBm as shown in Table 4.

Table 4: Estimated Satellite Noise Floor

Description Value
Antenna Temp, Pointed at Earth (K) 290
Sat ReceiverTemp, NF =4 (K) 438.4
Other Noise (K) 0
Total Temperature (K) 728.4
Total Temperature (dBK) 28.6
2.3MHz Channel Bandwidth (dBHz) 63.6
Boltzman Constant -198.6
Satellite Noise Floor (dBm) -106.4

The ground station antenna beam will be pointed into the sky toward the satellite,
so its antenna temperature will be approximately 30K. It is assumed that the ground
station will have an additional LNA on its mast to decrease noise due to cable loss from
the antenna to the receiver. The mast LNA will reduce the noise figure of the system; the
ground station noise figure is approximated as 2dB. The ground station will have an
increased noise floor due to nearby terrestrial ISM interference. Noise floor
measurements shown earlier in Figure 30 demonstrates the importance of choosing a
frequency with minimal terrestrial ISM interference. At the Irvine ground station surveyed,

2.482 GHz was completely free of any interference above elevations of 15 degrees; the
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interference power within the channel was below the -110dBm, 2.3MHz thermal noise
floor. A margin of 3dB will be added for the ISM noise floor at the ground station to be an
equivalent temperature of 631K which is an interfering signal level of -107dBm. Table 5

shows the calculation of the ground station noise floor of -105.5dBm.

Table 5: Estimated Ground Station Noise Floor

Description Value
Antenna Temp, 15 degrees elevation (K) 30
GS ReceiverTemp, NF = 2.5 (K) 225.7
ISM Interference, -107dBm (K) 631.0
Total Temperature (K) 886.7
Total Temperature (dBK) 29.5
2.3MHz Channel Bandwidth (dBHz) 63.6
Boltzman Constant -198.6
Ground Noise Floor (dBm) -105.5

Table 4 and Table 5 show that the satellite’s noise floor is dominated by its
receiver noise figure, whereas the ground station noise floor will be dominated by
terrestrial ISM interference. In this estimate, the ground station noise floor is increased
by 4.5dB from ISM interference, which will reduce the total signal to noise ratio by 4.5dB.

The signal to noise ratio of a received signal determines whether a receiver will
successfully decode a signal. Higher signal to noise ratio links can support higher data
rates. The required signal to noise ratio for the AT86RF233 receiver to decode a packet
can be calculated from its datasheet values for “receive sensitivity”, noise figure, and
signal bandwidth of 2.3MHz.

It is important to note that the datasheet’s “receive sensitivity” measurement
assumes a certain level of noise added to the signal. The receive sensitivity in the
datasheet is measured in a laboratory setting with a transmitter transmitting directly to
the receiver through a coaxial connection and attenuator. Therefore, the noise input into

the receiver the thermal noise level at room temperature, which is 290K. The noise
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figure of the transceiver indicates that the transceiver adds a fixed amount of additional
noise to the signal before decoding it equal to the noise figure. The noise added to the
signal is calculated by adding the thermal noise level to the noise figure noise:

198.6dBm

PNoise(dBm) = - HzK

+ 10LOG(290K) + 10LOG(2.3MHz) + 6 = —104.4dBm

This -104.4dBm noise level will be subtracted from the receive sensitivity to
calculate the corresponding signal to noise ratio. An external LNA is added in front of the
transceiver, which reduces the overall noise figure so it is important to use the required
signal to noise ratio instead of the datasheet receive sensitivity for link budgets. Table 6

shows the required signal to noise ratio for the transceiver’s four data rates.

Table 6: AT86RF233 Data Rate versus Required SNR

Data Rate (kbps) | Datasheet RX Sensitivity (dBm) | Calc SNR (dB), NF = 6
250 -101 3.4
500 -96 8.4
1000 -94 104
2000 -88 16.4
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4.4.2 Satellite with Patch Antenna

A simple antenna for a CubeSat would be patch antenna mounted on one of its
faces. Figure 31 shows a 3U CubeSat developed by Tyvak Nano-Satellite Systems with
an S-Band patch antenna mounted in between solar cells. The practical gain of a patch
antenna this size at 2.4GHz is approximately 6dBi, which is the number that will be used

for this link budget.

Thermal
Radiators

Solar Panel Arrays
with MPPTs

GPS

Docking Mechanism

S-Band
Patch

Separation
Devices

Star
Trackers

Figure 31: CubeSat with S-Band Patch Antenna, CPOD [23]

The link equation is rewritten below:
Pr=P;+Gr—L+Gg
A link distance of 2100km corresponds to a satellite at an elevation of 800km with
an elevation angle of 15 degrees to the ground station as shown in Figure 7. The ground
station antenna gain of 39.4dBi was extrapolated from the specifications of a 4.5m mesh
dish kit available for purchase from RF HAMDesign’s website. [14] A picture of the RF
HAMDesign 4.5m dish with rotator and feed horn is shown in Figure 32. The rotor shown

in the figure is single axis, but a two axis rotator would be required for the CubeSat
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ground station. The ground station is assumed to have an external amplifier with
transmit power of 10W, which is the power level of several Wi-Fi boosters that can be

purchased online.

Figure 32: RF HAMDesign 4.5m RF Mesh Dish Kit [14]

Table 7 shows the uplink budget (ground station transmit to satellite) for a satellite
with a patch antenna. The signal to noise ratio is 24dB, which corresponds to a 19.3dB
margin for the 250kbps data rate, 14.3dB for 500kbps, 12.3dB for 1000kbps, and 6.3dB
for 2000kbps. The margins greater than 15dB are colored green to indicate high
possibility of successful link, yellow indicates lower than 15dB margin, and red indicates
negative margin and no possible link. This table shows that a satellite with a patch
antenna and a ground station with a 4.5 meter dish would most likely support uplink at

250kbps and might sometimes work at 500kbps, 1000kbps and 2000kbps.
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Table 7: Patch Antenna: Uplink Budget

GS TX, 10W (dBm) 40
GS Gain, 4.5m dish (dB) 39.4
Total Loss, 2100km (dB) | -169.1
Sat Gain, patch (dB) 6
Sat RX (dBm) -83.7
Sat Noise (dBm) -106.4
Satellite SNR (dB) 22.7
250kpbs Margin 19.3
500kbps Margin 14.3
1000kbps Margin 12.3
2000kbps Margin 6.3

Table 8: Patch Antenna: Downlink Budget

Sat TX, 2W (dBm) 33
Sat Gain, patch (dB) 6
Total Loss, 2100km (dB) | -169.1
GS Gain, 4.5m dish (dB) 39.4

Sat RX (dBm) -90.7
GS Noise (dBm) -105.5
GS SNR (dB) 14.8
250kpbs Margin 11.4
500kbps Margin 6.4
1000kbps Margin 4.4

2000kbps Margin | -16

Table 8 shows the downlink budget for a satellite with patch antenna where the
satellite is transmitting and the ground station is receiving. The downlink is 7.9dB weaker
than uplink at a signal to noise ratio of 14.8dB, which does not provide a 15dB margin for
any data rate and definitely will not work for 2000kbps. The downlink is much weaker
due to the low satellite transmit power and the elevated ISM terrestrial noise floor. The
link might work intermittently at 250kbps with a margin of 11.4dB, but this shows that a

satellite with patch antenna will not be sufficient for this mission and this ground station.
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This link budget demonstrates that uplink to the satellite is the easier than
downlink from the satellite due to higher ground station transmit power and absence of
terrestrial ISM noise in space.

4.4.3 Satellite with Deployable Dish

A more complex CubeSat could incorporate a deployable satellite dish similar to
the 0.5 meter dish shown in Figure 33. There are several CubeSat teams who have
worked on or are working on deployable dishes for future missions.

BDS | Phantom Works 59

Enclosure Box .
Cover I \

Reflector Dish and Arms Omitted for Clarity

Figure 33: Deployable 0.5m Dish, Boeing Phantom Works [24]

The directivity of the dish shown in Figure 33 was approximated as 18.6dBi, so a value
of 17dBi will be used in the link budget estimates. [24] Table 9 shows the uplink budget
for a CubeSat with dish and Table 10 shows the downlink budget. Once again, the uplink
budget is strong with greater than 15dB margin up to 2000kbps, and the downlink
budget shows sufficient margin up to 1000kbps. 2000kbps downlink could be possible,
but would most likely be intermittent with a margin of 10.7dB. Note that these link
budgets do not attempt to estimate pointing or implementation losses, so a margin of

15dB is estimated as required for a successful link.
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Table 9: Dish Antenna: Uplink Budget

GS TX, 10W (dBm) 40
GS Gain, 4.5m dish (dB) 39.4
Total Loss, 2100km (dB) | -169.1
Sat Gain, Dish 0.5m (dB) 17.0
Sat RX (dBm) -72.7
Sat Noise (dBm) -106.4
Satellite SNR (dB) 33.7
250kpbs Margin 30.3
500kbps Margin 25.3
1000kbps Margin 23.3
2000kbps Margin 17.3

Table 10: Dish Antenna: Downlink Budget

Sat TX, 2W (dBm) 33
Sat Gain, Dish 0.5m (dB) 17.0
Total Loss, 2100km (dB) | -169.1
GS Gain, 4.5m dish (dB) 39.4
Sat RX (dBm) -79.7
GS Noise (dBm) -105.5
GS SNR (dB) 25.8
250kpbs Margin 22.4
500kbps Margin 17.4
1000kbps Margin 15.4
2000kbps Margin 9.4

These link budgets demonstrate that a sizable antenna will be required on the
CubeSat for data rates above 250kbps. With a 0.5m CubeSat dish, the link has sufficient

margin up to 1000kbps and 2000kbps would be marginal.

4.5 Evaluation Board Testing

The Atmel AT86RF233 transceiver REB233SMAD-EK evaluation kit was
purchased to confirm the transceiver specifications by measuring the receive sensitivity
and Doppler sensitivity of the transceiver. The evaluation kit consists of two AT86RF233

(REB233SMAD) transceiver PCBs, interfaced to two microcontroller boards (REB-CBB)
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which provide battery power and interface to a microcontroller pre-loaded with evaluation

software. A computer interfaces to the microcontroller through a terminal program such

as Putty through a USB to serial converter. The evaluation software contains a packet

error rate measurement program which transmits from one board to the other while

measuring the number of packets successfully decoded. The frequency, transmit power,

data rate, and various register settings can be changed through the terminal, allowing

measurement of the radio link quality (receive sensitivity) while varying other factors.

Each board has two SMA RF connectors for demonstrating the AT86RF233 antenna

diversity feature. Hardware diagrams from the REB233SMAD-EK User Guide are shown

in Figure 34 and Figure 35. [25]

Radio PCB

| Mounting header

Battery holder

Microcontroller PCB

Power switch

GPIOs o
ON
UART %
), @K
LEDs |Buttons JTAG |

Figure 34: Atmel REB233SMAD-EK Evaluation Kit Hardware, 1 of 2 Modules [13]
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Figure 35: Atmel REB233SMAD-EK Evaluation Kit Hardware Block Diagram [13]

45.1 Evaluation Board Receive Sensitivity Measurements

Measuring a receiver’s sensitivity seems simple in theory: a variable attenuator is
inserted between a transmitter and receiver and the attenuation is varied until exceeding
a certain error rate, then the power into the receiver is measured. The measured power
is the receive sensitivity of the receiver. However, in practice, the measurement is
complicated by RF leakage between the two units as described in lvan Bland’s thesis
“Receive Sensitivity Characterization of the PolySat Satellite Communication System”
[26] If the transmitter and receiver are simply placed on a benchtop with their output and
input ports terminated with 50 ohm loads or with a variable attenuator at maximum
attenuation, successful communication would still be achieved at 0% packet loss; this
successful communication is due to RF leakage.

The transmitter PCB radiates a miniscule amount of the RF signal from the
components and copper on the PCB before the RF connector; this tiny amount of RF
energy can be decoded by the receiver which will pick up the energy by the components
and copper on its PCB. The AT86RF233 has a receive sensitivity of -101dBm at
250kbps which equates to 79pW of power indicating it is a very sensitive receiver. The

problem of RF leakage was confirmed and demonstrated to be the case for these
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evaluation boards. Therefore, the transmitter and receiver must be further isolated
(shielded) from one another during receive sensitivity testing. RF leakage must be
eliminated to obtain an accurate receive sensitivity measurement; a lot of time was spent
attempting to eliminate RF leakage from spoiling the measurements.

The faraday cage constructed in Bland’s thesis was utilized to shield RF leakage
between the transmitter and receiver. The faraday cage must provide enough shielding
to reduce the leakage RF below the noise floor of the receiver so the leakage RF does
not falsely improve the measured receiver sensitivity. The faraday cage was found to be
adequate by setting the variable attenuator between the two units to its maximum
attenuation and then confirming no packets were received by the receiver during a
packet error rate test.

The evaluation board receive sensitivity test setup is shown in Figure 36 through
Figure 41. The transmitter board resides in the faraday cage with 30dB attenuation in
series; the receiver is connected to a variable attenuator which is then connected to the
faraday cage output through direct coax. The test frequency of 2.330GHz was selected
because low interference was measured at this frequency in the laboratory. The packet
error rate program is repeated on the laptop while increasing the variable attenuator.
Receive sensitivity was arbitrarily defined as a packet error rate of 5%, meaning 95% of
the packets transmitted by the transmitter were successfully decoded by the receiver.
Once the packet drop rate consistently reaches 5% or less, the receiver is disconnected
from the variable attenuator and the spectrum analyzer is connected in its place.

The evaluation software settings are listed below:
ACK Request = FALSE
TX Power =-17dBm
CSMA = FALSE
Number of Frames = 1000

Frame Length = 127
Frequency = 2330 MHz
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Figure 36: Evaluation Board Receive Sensitivity Diagram, Packet Error Rate
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Figure 37: Evaluation Board Receive Sensitivity Diagram, Measurement
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Figure 38: Evaluation Board Receive Sensitivity Test Setup, Packet Error Rate

Threshold

Figure 39: Evaluation Board Receive Sensitivity Test Setup, Measurement
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Figure 40: Evaluation Board Receive Sensitivity Test Setup, Receiver

Figure 41: Evaluation Board Receive Sensitivity Test Setup, Transmitter

In this test, the faraday cage was only used for receiver and transmitter RF
leakage isolation only. The transmitter, instead of the receiver, was placed inside the
faraday cage so the leakage path between the transmitter and spectrum analyzer would
be reduced; if the transmitter were not shielded during the measurement, the signal

leaking between from the transmitter, bypassing the attenuation, and into the spectrum
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analyzer would increase the measured signal power, falsely increasing the receive
sensitivity measurement. Ideally, the receiver would be shielded as well to reduce any
laboratory in-band interference from raising its noise floor and thus decreasing its
receive sensitivity; however, one shield on the transmitter and using the non-ISM
2.330GHz frequency proved adequate for this test.

The channel power measurement feature of the spectrum analyzer was utilized to
measure the signal power within the 2.3MHz bandwidth of the signal; this measurement
feature performs the integration necessary to calculate the power within the channel
bandwidth and the measurement does not vary with change in resolution or visual
bandwidth settings. Therefore, the resolution bandwidth was set to 100kHz to minimize
the spectrum analyzer noise floor but still have an acceptable sweep rate. The spectrum
analyzer was configured to display the average of 100 traces for both the signal and
noise floor measurements. The preamplifier was enabled on the spectrum analyzer to
decrease the noise floor further, however the 250kbps signal was still near the
magnitude of the noise floor which introduced error to the measurement. To reduce this
error, the measured noise power was subtracted from the measured signal power to
calculate the actual signal power and eliminate error due to the addition of the spectrum
analyzer’s noise power in the measurement.

The spectrum analyzer settings are listed below:

Reference Level: -95dBm
Center Frequency: 2.330GHz
Span: 10MHz

Detection: RMS/AVG (log)
RBW: 100kHz, VBW: 100kHz
Averaging: 100

Input Attenuation: 0dB
Preamp: On

The noise floor power of the spectrum analyzer within the 2.3MHz bandwidth

measured at -101.5dBm as shown in Figure 42. The receive sensitivity measurement at
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250kbps is shown in Figure 43. The measurements for 500kbps, 1000kbps, and
2000kbps are tabulated in Table 11. The spectrum analyzer noise was subtracted from

the signal power by converting from dBm to watts, then subtracting, and then converting

meas noise

back to dBm. The formula for this operation is sig = 10 log (1OT - 10T), where sig

= signal strength in dBm, meas = signal strength in dBm, and noise = spectrum analyzer
noise floor in dBm. As the signal power becomes larger in magnitude compared to the
spectrum analyzer noise floor (>8dB), the error introduced by the noise floor becomes
negligible as illustrated by the 1000kbps and 2000kbps calculations.

The variable attenuator switches in steps of 1dB and the differences in insertion
loss between the receiver and spectrum analyzer are on the order of 0.2 to 0.5dB.
Therefore, this test setup is assumed to be accurate to about 1dB and thus the final

calculations are rounded to the nearest 1dBm.
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Figure 43: Evaluation Board Receive Sensitivity Test, 250kbps Receive Sensitivity

Table 11: Evaluation Board Receive Sensitivity Test Results

Data Rate | PER | Meas. Signal Meas. SA Calc. RX Datasheet RX

(kbps) (%) Power (dBm) Noise(dBm) | Sens. (dBm) Sens. (dBm)
250 1% -98.2 -101.5 -101 -101
500 6% -95.4 -101.5 -97 -96
1000 4% -92.8 -101.5 -93 -94
2000 5% -86.6 -101.5 -87 -88

The evaluation board receive sensitivity measurements matched the datasheet

specifications within 1dB, which was the assumed accuracy of the test setup.

4.5.2 Evaluation Board Doppler Tolerance Measurement

As a high velocity satellite travels above an earth station, its relative velocity

toward the station changes during the duration of the pass. The satellite travels in an arc

across the sky while the ground station actively points its antenna at the satellite in a
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circular motion during the duration of the pass. At the beginning and end of the pass,
while the satellite rises and falls at the horizon, the satellite’s relative velocity toward the
ground station is at its maximum magnitude. During the middle of the pass, at the apex
of the arc, the relative velocity component between the ground station and satellite is

Zero.

Figure 44: Position and Velocity Vectors of Satellite and Earth Station [15]

The change in relative velocity between the satellite and ground station during a
pass causes a change in the observed communication frequency between the satellite

and ground station due to the Doppler Effect. The Doppler Shift equation is:

Av
Af =— o

c

Where Af = the observed change in frequency relative to the transmitted frequency, Av
= the relative velocity between transmitter and receiver, ¢ = speed of light, and f, =
transmitted frequency.

A LEO satellite travels at a typical speed of 7.5 km/s, which equates a maximum
Doppler shift of +/- 60kHz if the satellite’s velocity vector is pointing directly toward the
ground station, which is never the case. If one were to calculate the practical Doppler
shift using orbital mechanics, the satellites orbit, and the visible elevation angles when

communication occurs, the actual maximum Doppler shift during the usable portion of
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the pass is around 10kHz. [27] However, to keep things conservative, a Doppler shift of
+/-60kHz will be assumed for this project.

For a successful satellite link, the earth station must either dynamically correct for
Doppler shift or must tolerate the Doppler shift during the pass. If the same AT86RF233
transceiver is utilized for both the satellite and ground, as is the case with the PolySat
Friis UHF earth station, the AT86RF233 must be able to compensate for the Doppler
shift. However, unlike the AX5042 (UHF transceiver), the AT86RF233 can only change
its frequency in discrete steps of 500kHz, which is too large to be useful for Doppler shift
compensation. Therefore, the AT86RF233 must be able to tolerate the Doppler shift
without any compensation. Unlike the AX5042 (UHF transceiver) with a signal bandwidth
of 10kHz at 9.6kbps, the AT86RF233 transceiver transmits a spread spectrum signal of
2.3MHz bandwidth; therefore the 60kHz Doppler shift is only 2.6% of the signal
bandwidth. Therefore, intuitively, there is a good chance the receiver can tolerate this
2.6% Doppler shift.

The AT86RF233 datasheet states that the maximum “TX/RX carrier frequency
offset (Sensitivity loss < 2dB)” = +/- 300kHz (+/- 120 ppm). [28] Therefore, the
transceiver most likely can tolerate Doppler shift of 60kHz without any dynamic
correction on the ground. However, the maximum carrier frequency offset of +/-300kHz
also includes the mismatch of the transmitter and receiver frequency sources; therefore
the maximum Doppler shift tolerance is less than 300kHz and must be measured to
confirm that if it is above 60kHz.

The Doppler shift tolerance of the AT86RF233 evaluation boards can be measured
using a Doppler shift simulator circuit described in a paper summarizing Stanford’s
NarcisSat communication system [16]. A diagram of the Doppler shifter is shown in
Figure 45. The Doppler shifter consists of two RF synthesizers with an output frequency

difference equal to the desired frequency shift. First, the input signal is mixed down to an
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intermediate frequency of 1.5GHz with the first synthesizer, mixer, and low-pass filter.
The 1.5GHz intermediate signal is then mixed up with the second synthesizer to a center
frequency equal to the sum of the input frequency and the Doppler shift. Finally, a band-
pass filter was added for additional filtering of the higher frequency output of the mixer
as well as attenuating any leakage intermediate signals.

The hardware to implement the Doppler shift circuit was purchased from Mini-
Circuits [29] and is listed in Table 12.

6.5GHz 5.5GHz + Doppler
2.5GHz 1.5GHz 1.5GHz 2.5GHz + Doppler 2.5GHz + Doppler

/ \|—

BPF ouT

4.0GHz + Doppler .

RF SYNTHESIZER 2

RF SYNTHESIZER 1

Figure 45: Doppler Shifter Diagram

Table 12: Doppler Shifter Circuit Components

Mini-Circuits Part Number Description
SLP-2400+ Low Pass Filter, DC — 2220MHz
ZX05-83-S+ Frequency Mixer 1, 2300 — 8000
MHz

ZX05-83-S+ Frequency Mixer 2, 2300 — 8000
MHz

VBFZ-2340-S+ Band Pass Filter, 2020 — 2660
MHz

The common synthesizer frequency of 4.0GHz was chosen to provide a large
enough frequency difference between the output signals of the first mixer to be filtered
out by the low pass filter. If the 6.5GHz signal were not adequately filtered by the low-

pass filter, it would simply be mixed back down to 2.5GHz in the second mixer,
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introducing no Doppler shift and corrupting the test. Due to the small 60 kHz Doppler
shift compared to the synthesizers’ common frequency of 4.0GHz, the test required
synthesizers capable of matched frequencies to 15ppm (60kHz/4.0GHz). The
synthesizers located in the PolySat lab had too large of a frequency drift; instead two
synthesizers from the Cal Poly, Electrical Engineering RF Microwave Lab were borrowed
for this test. However, the synthesizers still produced a maximum Doppler shift drift
difference of 10kHz between the beginning and end of the receive sensitivity testing; this
means the Doppler shift at the end of the test was measured to be 10kHz different than
the Doppler shift at the beginning of the test due to the frequency drift between the two
synthesizers over the duration of the test.

The functionality of the Doppler shifter was verified by outputting an attenuated
continuous wave (CW) signal from the AT86RF233 transmitter at 2.5GHz and measuring

both the input and output of the Doppler shifter. A Doppler shift of 175.5kHz is shown in
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Figure 46: Doppler Tolerance Test Circuitry Input and Output Measurements

After verifying functionality of the Doppler shifter, the Doppler shifter circuitry was simply

added in line to the receive sensitivity test setup as shown in Figure 47 and Figure 48.
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Figure 48: Receive Sensitivity Doppler Shift Tolerance Diagram, Measurement

The receive sensitivity of the receiver was measured without the Doppler shift and
then with the Doppler shift, the difference in receive sensitivity at a certain Doppler shift
is used as a figure of merit. The receive sensitivity was measured for the four data rates:
250kbps, 500kbps, 1000kbps, and 2000kbps. The simplified procedure was as follows:

1. Measure the receive sensitivity without the Doppler shift circuitry (Figure 36 and

Figure 37)
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2. Add the Doppler shift circuitry in between the transmitter and spectrum analyzer
(Figure 48)
a. Configure the transmitter to transmit a continuous wave
b. Set the desired Doppler shift
c. Capture a screen shot of the initial Doppler shift frequency
3. Disconnect the spectrum analyzer, place the receiver at the output (Figure 47)
a. Vary the variable attenuator until a packet drop rate of 5% is consistently
reached
b. Remove the receiver, place the spectrum analyzer at the output
c. Capture a screen shot of the Doppler receive sensitivity
4. Configure the transmitter to transmit a continuous wave
a. Capture a screen shot of the final Doppler shift frequency (frequency
change due to synthesizer drift)

The change in receive sensitivity with respect to Doppler shift was drastic after
reaching a certain cutoff value. Similar to receive sensitivity, the packet error rate
declined rapidly after the 5% cutoff; for instance at 250kbps, a Doppler shift of -188kHz
produced a drop rate of 5%, whereas a shift of 267kHz produced a drop rate of 67%.

The test setup is shown in Figure 49 and Figure 50 and test results in Table 13.
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Figure 50: Doppler Tolerance Test Setup, Synthesizers and Spectrum Analyzer
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Table 13: Doppler Tolerance, Receive Sensitivity Test Results

Pata Rte (©09) """ | o | pesensitzation (a3
250 145 5 3.6
250 -188 5 2.4
250 38 3 0.0
500 166 6 2.1
500 215 5 6.4
1000 103 2 0.4
1000 93 5 03
2000 108 7 0.8
2000 87 4 10

The results demonstrate that the AT86RF233 can tolerate Doppler Shift below 100 kHz

with a receiver desensitization of 2dB or less.
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5 Schematic Development

After testing the AT86RF233 transceiver evaluation board, the schematic for the
Intrepid S-Band ISM Radio (ISIR) was developed. The schematic was developed using
OrCAD Capture 16.6. The PCBA is designed to interface primarily as a daughter board
for the PolySat “Intrepid” System Board shown in Figure 51, but it also has a connector
to interface as a daughter board to the AT86RF233 evaluation processor board for
testing. The PCBA interfaces the AT86RF233 transceiver to an external RF front-end for
improved transmit power and receive sensitivity. There are two switching regulators that
provide power to the circuitry from an unregulated 3.7V lithium ion supply. Amplifier
protection circuitry was designed to protect the power amplifier from no load conditions
and the low noise amplifier from high input power conditions. Additional logic was added
for temperature sensing, power isolation, transmitted and reflected power measurements,
and an EEPROM for board configuration values.

The full schematic is provided in Appendix A: Intrepid S-Band ISM Radio R1
Schematic. Sections of the schematic are explained in detail in the following sections.

The ISIR conforms to the Intrepid System Board Daughter Board B specification in

order to fit within the Intrepid CubeSat satellite bus shown in Figure 52.

Figure 51: Intrepid System Board [30]
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The satellite bus consists of a “top hat” which is a sandwich of five PCBAs
mounted to the mechanical top hat shown in Figure 52. The System Board is at the
center of the stackup which contains the primary command and data handling
microprocessor of the satellite as well as the electrical power system, hardware
watchdogs, and additional sensors and peripherals. Four connectors with spring
contacts break out signals from the system board to Daughter Board A and Daughter
Board B. The daughter boards simply have pads that press against the spring contacts
on the System Board, minimizing stack height.

Daughter Board A is utilized for the UHF Radio, so Daughter Board B was
selected for the S-Band radio allowing both low data rate UHF and high data rate S-
Band radio communication on the same satellite. The system board has four additional
high-density connectors on the bottom and top of the PCBA which break out the signals
for the satellite payload interface board and the external —Z side panel. The Intrepid top
hat occupies less than 1/4™ of a 1U (10 cm x 10 cm x 13cm) CubeSat, providing use of
the remainder of the volume for mission specific payloads. An example of a PolySat
mission specific payload is shown in a preliminary CAD of IPEX in Figure 53 and Figure

54.

Motherboard
Daughterboards

Payload Interface
Board

Figure 52: Intrepid Top Hat Stackup CAD
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Figure 53: IPEX Preliminary CAD Model

Figure 54: IPEX Preliminary Payload CAD Model without Top Hat

5.1 Intrepid System Board Interface
Figure 55 shows the schematic for the system board interface between the
PolySat Intrepid System Board and the ISIR. J7 and J8 are simply pads on the PCBA
that press against the System Board’s daughter board B spring contacts: Samtec SEI-
125-02-G-S-E-AT, shown in Figure 56. [31] FL1 and FL2 are low pass filters added in
line with the SPI bus to reduce potential in-band interference from SPI bus activity. The

resistors are simply pull-downs and pull-ups to define a signal’s logic state if the system
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board is de-energized or the pins are placed in a high impedance mode.

Intrepid Daughter Board B Pads

9| [10 VSUM
VAR_PL_B 3—51? 2 ]
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25 1,5 SPI1_MOSI) : % 3 5
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23 FL1 1 TWDO<C 5
22 R161 < R162 NFI,EFA1608PE2?OTAOG 6
21 100k = 100k 7
5o 3
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8 DBE_PASS1 10
7 3V3_CDH DBB_PASSZ 1
5 7
5 3
7 VSUM 1 E)
BT 15
Mz RQ2 § R1 R2 3v3_CDH 16
11 HDME 100k = 100k FL2 7
10 HDPB LPF 240MHz TXD2 8
9 MEA1608PE270TADG RXD2 9
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2 — ]
1 = = J8
DNP

J7
DNP

Figure 55: System Board Daughter Board B Interface

Figure 56: Samtec SEI-125-02-G-S-E-AT, System Board’s Daughterboard Spring

Contacts

The Daughter Board B connectors break out several interfaces from the Atmel
AT91SAM9G20 microprocessor: one SPI bus, one 12C bus, one serial bus, unregulated
battery power, the daughter board B regulator, and several GPIOs. The pinout and

signal information was extracted from the Intrepid System Board User Guide [30] is
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shown in Table 14. Only the SPI, 12C, unregulated power, and a few GPIOS are utilized

by the ISIR.

Table 14: System Board Daughterboard B Connectors Pinout Information [30]

Daughterboard B Connectors
J7 (25 Pins) J8 (25 Pins)
Signal Ping | ATMe! Ael | Pine | Peripheral A ‘ Peripheral B ‘ GPIO
1 PB1 1 SPI1_Maosi
2 PBO 2 SPI1_MISO
3 PB2 3 SPI1_SPCK
4 PA24 4 12C_TWEK [0]
5 PA23 5 12C_TWD [0]
6 6
T T
HARD_REBOOT 8 8
GND_SOLAR 9 9 DBB_PASS [0]
HDP [B] 10 10 DBB_PASS [1]
HDM [B] 1 1 DBB_PASS[2]
IRQ[2] 12 PC14 12 GND_POWER
GND_BATTERY 13 13 GND_POWER
GND_BATTERY 14 14 GND_POWER
GND_BATTERY 15 15 GND_POWER
GND_BATTERY 16 16 GND_POWER
GND_BATTERY 17 17 GND_POWER
GND_BATTERY 18 FPB8 18 TXD[2]
GND_BATTERY 19 PBS 19 RXD 2] -
GND_BATTERY 20 PC1 20 SPI_CS[16]
GND_BATTERY 21 71 DBB_PASS [3]
22 22
23 GPIO-EXP 23 PGOOD_DBB_REG
24 PC2 24 PCK [1]
25 * 25 NRST
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Figure 57 shows the mechanical details of the Intrepid bus top hat. As
recommended in the Intrepid user guide, the ISIR is a single-sided board (components
only on one side) to allow clearance for the System Board’s components residing within
the 1.65mm daughter board gap. The components on the daughterboard must fit within

the remaining 5.75mm clearance on the side facing the Plus Z Payload Breakout Board.

>ﬂ6mm
60p FX8 Recepticle 140p FX8 Recepticle

60p FX8 Header 140p FX8 Header

1.6 mm

B sE - 140p FX8 Header SEI 1.65 mm

9 mm 1.6 mm
60p FX8 Recepticle 140p FX8 Recepticle

1.6 mm

Figure 57: Intrepid Stackup Details [30]

A board level shield for the RF portion of the ISIR was added to reduce potential
interference emitted from other PCBAs within the top hat including oscillators, the
microprocessor, RAM, switching regulators, and circuitry on other PCBAs. The board
level shield must fit within the 5.75mm clearance allocated between the daughter board
and the Plus Z Payload Breakout Board. The 3mm high Laird BMI-S-210-F shield was
chosen based on this height restriction as well as the specified Daughter Board B
dimensions. The schematic snippet for the board level shield is shown in Figure 58. The
3mm height provides 2.75mm clearance for the components on the Plus Z Payload
Breakout Board toward the ISIR.

A rule of thumb for faraday shields is that the largest aperture in the shield shall be
less than 1/20" of a wavelength at the frequency of interest; 1/20™ of a wavelength at
2.4GHz is 6.25mm. The largest gap size in the BMI-S-210-F shield is 2.2mm indicating

that it will be effective at 2.4GHz. The 0.2mm shield thickness is well above the skin
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depth at 2.4GHz. The board level shield will be solidly connected to the PCBA’s ground
plan with vias at every pad; it is important to minimize the size of the gaps in the Faraday

shield comprised by the PCBA’s ground plane and the board level shield.

Board Shield

SH1
BMI-S-210-F

B e el

Figure 58: Board Level Shield

Figure 59 and Figure 60 show the signal power isolation circuitry between the
signals from the system board and the circuitry on the ISIR. These components are level

translators with support for partial power down conditions.
Signal Level Translation and Power Isolation
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Figure 59: Signal Power Isolation 1
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Figure 60: Signal Power Isolation 2

A system with multiple power rails that can be enabled and disabled to conserve
power is called a system with partial power down states. The ISIR allows partial power
down by allowing the system board to control the enable signal to the regulators
powering its circuitry. This introduces the situation where the System Board is powered
and the ISIR is unpowered and therefore the System Board can drive signals (SPI, 12C,
GPIOS) into the unpowered ICs on the ISIR.

Typically, ICs cannot tolerate voltages on its input pins if the IC is unpowered due
to the ESD and clamping structures on the device’s pins. For example, the AT86RF233
transceiver cannot tolerate 3.3V logic on its SPI bus input pins when it is powered down;
this is evident from the “Absolute Maximum Ratings” stated on the device’s datasheet
highlighted in Figure 61. The AT86RF233 cannot tolerate voltages 0.3V above its power
rail Vdd including when the device is powered down. This indicates that normal System

Board 3.3V SPI bus activity present on an unpowered AT86RF233’s inputs will cause
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excessive current draw that can damage the transceiver. This scenario would occur if
the System Board powered down the ISIR to conserve power, but still communicated
with other devices on the SPI bus. Further information about partial power down can be
found in Texas Instruments Application Note: “Using High-Speed CMOS and Advanced
CMOS Logic in Systems With Multiple Vcc Supplies or Partial Power Down.” [32]
12.1 Absolute Maximum Ratings
Note: Stresses beyond those listed under “Absolute Maximum Ratings” may cause
permanent damage to the device. This is a stress rating only and functional
operation of the device at these or any other conditions beyond those indicated

in the operational sections of this specification are not implied. Exposure to
absolute maximum rating conditions for extended periods may affect device

reliability.
Symbol Parameter Condition Min. Typ. Max. | Unit
Tstor Storage temperature -50 150 °C
TLEAD Lead temperature T=10s 260 °C

(soldering profile compliant with
IPC/JEDEC J STD 020B)

VEesp ESD robustness Human Body Model (HBM) [4], 4 kV
Charged Device Model (CDM) [5] 750 \'
Prr Input RF level +10 dBm
Voig Voltage on all pins -0.3 Vpp+0.3 |V
(except pins 4, 5, 13, 14, 29)
Vana Voltage on pins 4, 5, 13, 14, 29 -0.3 2.0 \'

Figure 61: AT86RF233 Absolute Maximum Ratings [28]

The FXMA2102L8X, SN74LVC2T45YZPR, and NLSV1T244MUTBG level
translators all support partial power-down as highlighted in their respective datasheets. A
shippet from the SN74LVC2T45YZPR datasheet [33] is shown in Figure 62. When either
supply pin to the level translator is unpowered, the ports of the level translator are put
into a high impedance state, preventing damage to the interfaced unpowered device.
The level translators also buffer signals by providing additional drive strength and
protects against possible logic failures if the System Board 3.3V supply changes voltage
relative to the ISIR’s 3.3V supply due to a failure condition; however the primary
motivation for these level translators is to allow partial power down of the system so the

satellite can conserve energy when the ISIR is not in use.
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13 TEXAS
INSTRUMENTS

SC

SN74LVC2T45 Dual-Bit Dual-Supply Bus Transceive

Translation and 3-State OQuty

1

Figure 62: TI SN74LVC2T45YZPR 2-Bit Transceiver, Partial Power Down

Features

Available in the Texas Instruments NanoFree™

Package

Fully Configurable Dual-Rail Design Allows Each
Port to Operate Over the Full 1.65-V to 5.5-V
Power-Supply Range

V¢ Isolation Feature — If Either V¢ Input Is at
GND, Both Ports Are in the High-Impedance State

DIR Input Circuit Referenced to Vca

Low Power Consumption, 10-pA Max Igc

+24-mA Output Drive at 3.3 V

loie Supports Partial-Power-Down Mode Operation
Max Data Rates

Information [33]

3 Descrij

This dual-bil
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is designed
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1.65 Vto 5.¢
bidirectional
2.5-V, 3.3-V,

The SN74L
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either the B
device trans
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Series termination resistors are placed on the outputs of the level translators in an

attempt to impedance match the driver to the micro strip transmission line; these

resistors reduce signal ringing due to the mismatch between the drive impedance of the

IC and the high impedance CMOS inputs the level translators are driving. The series

termination resistors for U4 are shown in Figure 63. The theory behind a source-series

termination is covered in most signal integrity books, such as Signal and Power Integrity

authored by Dr. Eric Bogatin. [34] The sum of the IC’s drive impedance and the series

termination value should equal to characteristic impedance of the copper trace in order

to completely terminate and absorb the reflected signal from receiver’'s CMOS high

impedance input.
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Figure 63: Series Termination Resistors on IC Outputs

Figure 64 is an excerpt from Bogatin’s section on source-series termination. [34]

Without the series termination, an underdamped waveform is observed on the receiver’s

input due to the digital step waveform reflecting between the high impedance receiver

input and the mismatched driver output. If the driver is matched to the transmission line,

the signal is transmitted from the driver, reflects once from the receiver input, travels

back down the transmission line, and then is completely absorbed by the matched

termination on the driver side; this results in the clean (no-ringing) waveform shown in

Figure 64.
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Figure 64: Voltage Signal of a Fast Edge, at the Far End of the Transmission

Line with and without the Source Series Terminating Resistor [34]
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There are two reasons for reducing the ringing on this SPI bus:
1. Higher SPI Data Rate
a. SPI does not have a formal standard and no maximum data rate. The
maximum data rate is limited by the hardware; an unterminated trace
limits the data rate of the bus by degrading the signal received at the
receiver.
2. Reduction of Potential EMI
a. Ringing introduces higher frequency content on the trace, which may
radiate and interfere with other circuitry or jam radios in-band with the
EMI
b. According to Bogatin, ringing can increase the magnitude of radiated
emissions by a factor of 10. [34]

Another question is whether we need the series termination at all for the relatively
slow clock rate of the SPI bus (1 to 10MHz) and the short copper trace length on the
PCBA,; this question is also answered in signal integrity texts. First, the clock rate of the
SPI bus is irrelevant to whether the line should be terminated; the important
characteristic is the rise and fall time (slew rate) of the signal. The slew rate of the signal
determines its frequency bandwidth, not the clock rate. The SPI bus clock may run at
1MHz, but the signal slew rate is dependent on the drive strength of the IC which
depends on how the IC was fabricated.

According to Bogatin, IC fabricators use the same chip size and wafer process for
all ICs regardless if the chip is to be used in a high or low speed application to save
costs; therefore even though the chip may not need the faster rise time, the rise time will
increase as IC fabricators upgrade their processes for the fastest ASICs being

developed. [34] The switching characteristics from the SN74LVC2T45 datasheet are
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shown in Figure 65; the highlighted numbers are the slew rates for the application at
3.3V. The rise time of the level translator can be as fast as 0.7ns, which equates to a

frequency bandwidth of approximately 500MHz using the rule of thumb from Bogatin:

BW = %, where BW is the highest “significant” frequency of the signal and RT is the

rise time of the signal; here significant is defined as the 3dB bandwidth (half-power point)
of the signal. [34] The signal still has higher harmonics than this 3dB bandwidth that can
still radiate or cause EMI problems which are further amplified by ringing.

The result is that the slew rate of the level translator is overkill for this application
which may degrade functionality if not properly terminated or filtered. The rule of thumb
from Bogatin for the maximum length of an unterminated line is 1 inch per nanosecond
rise time. [34] For example, a 1ns rise time signal requires termination if the trace is
longer than one inch and a 0.5ns rise time signal requires termination if the trace is
longer than half an inch; as rise times become faster, the minimum trace length before
signal integrity problems occur becomes shorter. On this PCBA, the trace length may be
longer than 0.7 inches indicating a need for the series termination resistor.

6.8 Switching Characteristics: Voo =3.3V 0.3V
over recommended operating free-air temperature range, Veca = 3.3 V £ 0.3 V (unless otherwise noted) (see Figure 17)

FROM 0 Veee =18V Vecg =25V Veeg =33V Veeg =5V
.15V 0.2V 0.3V 0.5V
PARAMETER (INPUT) (OUTPUT) UNIT
MIN  MAX MIN  MAX MIN  MAX MIN  MAX
tpLn A B 2.1 15.5 1.4 8 0.7 5.6 0.7 44 ns
teHL 2 12,6 1.3 7 0.8 5 0.7 4
teLr s A 1.7 8.3 1.3 6.4 0.7 5.8 06 5.4
ns
tpHL 1.8 7.1 1.3 54 0.8 5 07 45
tpHz 5 10.9 5.1 10.8 5 10.8 5 10.4
DIR A ns
tpiz 34 8.4 3.7 8.4 3.9 8.1 33 7.8
tpuz 11.2 27.3 8 13.7 5.8 10.4 2.9 7.4
DIR B ns
tprz 9.4 17.7 5.6 11.3 4.3 8.3 1 56
tpzy (M 26 17.7 14.1 11
e DIR A ns
tpz. M 34.4 19.1 15.4 11.9

Figure 65: SN74LVC2T45 Switching Characteristics, Datasheet Excerpt
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The value of 10 Ohms was chosen arbitrarily without any analytical calculations;
values between 10 to 40 Ohms are typically chosen because they have been found to
resolve ringing issues in the past. No calculations were performed because the
characteristic impedance of the digital signal lines are not tightly controlled on this PCBA
and the trace width is the smallest allowed by the PCB fabricator, whereas future
revisions of the board may have different stack ups or thinner traces. Also, test points,
harnesses, IC pads, differences in trace impedance across boards, and other practical
considerations will influence the ideal value of the series termination which reduces the
value of an analytical calculation. However, the value can be fine-tuned with an
oscilloscope and resistor kit during testing if problems occur due to imperfect termination
on the line; the important thing is that the series resistor is there to be tuned if a problem
occurs without requiring invasive cutting of traces on the PCB.

In addition to the series terminations, long trace length lines have capacitive filters
to reduce the frequency content of the signal. As a trace becomes longer, its potential to
radiate does as well. The low pass filter on the SPI MISO signal is shown in Figure 66.
The purpose of these filters is to reduce potential high frequency EMI by limiting signal
bandwidth. In this application, the SPI bus will run at a maximum clock rate of 10MHz;
this digital square wave signal requires a minimum bandwidth up to its 5™ harmonic of
50MHz for acceptable distortion. The lowest frequency of concern on the spacecraft is
the UHF receiver tuned to 437MHz, so the filter needs to attenuate potential in-band EMI
at 437MHz. The low pass frequency of 200MHz was chosen to attenuate components
in-band with UHF at 437MHz but the low pass filter could be lowered to the minimum of

50MHz for more attenuation if necessary.

80



- - ¥

= i =
SN74LVC2T45YZPR
3v3_CDH 3Vv3
R13
10k
1%
V

r_0201

FLG

|_1PF200MHz .  H = _ ]
15  sPi_miso < B N Y XCVR_MISO 2,5
_[C|eND oE
= = 0
NFL18SP207X1A3D NLSV1T244MUTBG

Figure 66: Low Pas Filter on SPI MISO Signal

Figure 67 is the schematic of the GPIO expander on the ISIR. The purpose of a
GPIO expander is to reduce the required number of signals broken out from the satellite
microprocessor. The GPIO expander interfaces to the microprocessor through its 12C
bus. The microprocessor commands the GPIO expander to configure its pins as an input
or output and can read and set values on the pins as fast as the 12C bus allows. 12C is a
low speed (100 kHz) interface for connecting many ICs to a microprocessor using only
two signals, SDA (data) and SCL (clock), each device on the bus is required to have a
unique 7-bit address. 12C GPIO expanders are only used for low speed applications,
because the speed of the GPIOs is limited by the speed of the 12C transactions; for
instance, the GPIO expander pin toggling speed would be inadequate to drive another
bus or high speed interrupt line.

Most 12C devices have configurable addresses so multiple of the same device can
be utilized on the same bus without conflict. The TCA9539 GPIO expander has
configurable address pins and the hex address 0x75 was chosen by referencing the
devices datasheet and pulling the Al and AO pins to the corresponding nets. The GPIO
expander active low reset “/RST” pin is interfaced to the microprocessor’s “NRST” signal
which goes low when the processor resets; this ensures that the GPIO expander is in a
known default state when the microprocessor boots avoiding issues caused by

undefined states. The transceiver is also interfaced to the NRST signal.
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Figure 67: 12C GPIO Expander

Figure 68 shows the board’s 12C temperature sensor with alert pin. The
temperature sensor is located as close as possible to the board’s RF amplifier, which will
be the highest temperature component on the board. The microprocessor can retrieve
the temperature from this sensor and can cut transmission before the RF amplifier
exceeds its absolute maximum ratings. The temperature sensor can be configured to
issue an alert after exceeding a certain temperature value. The temperature alert signal

is interfaced to the GPIO expander for monitoring by the microprocessor.

128KBit EEPROM

TEMPERATURE e
SENSOR V3 V3
c1 w2 G
3 0Pz RIS ATHCIZECAMT Imgzm
L oo <<§;i s ;C’Dzm :%201 c vee ="
o L alerr |8 55 TEMP_ALERT 1 3F s ks w
7 A2
1 2 WP GND
AS  GND &ND
= ul 1? ‘:L—. —
AD7414 = =
I2C ADDR: 0x4D I2C ADDR: 0x54
Figure 68: 12C Temperature Sensor Figure 69: 12C EEPROM

Figure 69 shows the board’s 128kbit EEPROM for use by the microprocessor for

storing ISIR board calibration and identification information.
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5.2 Transceiver and RF Front End

Figure 70 shows the schematic for the AT86RF233 transceiver, balun, in-line test

points, and low power RF TX/RX switch. U13 is simply a level translator which translates

the transceiver’s antenna selection signals from 3.3V to the required 5.0V signal levels

required by the antenna selection switch elsewhere on the schematic.

W ws Zigbee Transceiver o L
c3 c7
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0 1] V3 =
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e 0201 e 0201 0201 0201 D1
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SEM — U —
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XCVR_SLP TR i sLP TR DG 9 r 0201 r_0201 TX_SEL TX_SEL/ __(333
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Figure 70: AT86RF233 Transceiver, Test Points, and Low Power RF Switch

The Anaren, BD2425N50100AHF balun, U11, transforms the transceiver’s

balanced differential RF signal into a single-ended unbalanced signal. According to the

AT86RF233 datasheet, the transceiver’s differential RF routing suppresses the switching

noise of its internal digital signal processing blocks. [28] However, the spacecraft
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antenna will connect to the PCBA through a typical single-ended coaxial cable, so the
signal must be converted from differential to single ended at some point in the circuit.
Most commercial RFICs are single-ended, so the decision was made to convert from

differential to single-ended immediately after the transceiver. Following Atmel’'s

recommendation in its application note “Atmel AT02865: RF Layout with Microstrip,” the

balun was chosen based on its pin pitch to match the pin spacing of the transceiver for

better alignment and minimize impedance mismatch. [35] After selecting baluns with pin

spacing matching the transceiver's QFN package, the balun with the lowest insertion

loss (0.6dB) was chosen to maximize transmitted signal strength and maximize received

signal to noise ratio.
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Figure 71: Transceiver AT86RF233 QFN Package, 0.5mm Pin Pitch [28]

COMMON DIMENSIONS
(Unit of Measure = mm)

SYMBOL

MIN. | NOM. | MAX.

NOTE

D

5.00 BSC

E

5.00 BSC

D2

3.20

3.30

3.40

E2

3.20

3.30

3.40

A

0.80

0.90

1.00

Al

0.0

0.02

0.05

A2

0.0

0.65

1.00

A3

0.20 REF

L

030 | 040 |

0.50

0.50 BSC

b

0.18 | 0.23|

0.30
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Bottom View (Far-side)
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Figure 72: Balun BD2425N50100AHF Package, 0.51mm Pin Pitch [36]

The HMC595E TX/RX switch, U15, switches the transceiver’s RF signal to the
external transmit chain when the transceiver transmits and switches to the receive chain
when the transceiver receives. The TX_SEL and TX_ SEL/ signals controlling the low
power TX/RX switch are automatically outputted by the transceiver during transmit and
receive with appropriate delays between switching and transmitting. The HMC595E

introduces a 0.4dB insertion loss to the RF chain.

w1l T8 ——
GND \%— |—o RFC
o3 LT

74HCO4 or
= = 74HCTO4

Figure 73: HMC595E, RF Switch Application Circuit [37]

85



Two Murata, MM8030-2600, coaxial test points were inserted between the balun

and the switch to be utilized during testing, characterization, and tuning of the board.

The MM8030-2600 connectors mate to a specialized probe that converts to a standard

female SMA connector for use with external test equipment such as a spectrum analyzer

or VNA. When the probe is inserted into the connector, the input signal is switched to the

probe. When the probe is absent, the connector passes through the signal from input to

output introducing a small 0.1dB insertion loss. By arranging two MM8030-2600 test

points as shown in the schematic, external equipment can be added in series between

the transceiver and RF switch. These test points allow measurement of the transmit

chain’s gain, the receive chain’s gain and noise figure, and general troubleshooting.

Signal in .

0.9+/-0.1

Probe

Signal in ﬂ Signal out
-> -

Probe

Signal out

A
Signa-li; J\I\V_L

Figure 74: Murata MM8030-2600, RF Coaxial Connector / Test Point [38]
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Figure 75: Murata Measurement Probe for MM8030-2600 [39]
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Coupling capacitors are required throughout the RF chain before and after
switches and amplifiers to block DC currents while passing RF signals; the value, size,
dielectric, and model of the coupling capacitor was chosen carefully. The size of the
capacitor was chosen so that its width was closest to the width of the PCB micro-strip
transmission line in order to best match characteristic impedance of the trace; a surface
mount 0402 capacitor most closely matched the trace width. A high-Q, low-loss, NPO
temperature coefficient ceramic capacitor with a tolerance of 2% was chosen so its

behavior would remain consistent over frequency and temperature.

TX_SEL TX_SEL/ c33
u1s ——13pF
N p— c_0402
C26 o [
13pF| || 5
RFC 3
RF1
c_0402| 2 c32
[ GNP £:13pF
= HMWCB95E c_0402
RF Switch
IL = 0.4dB

Figure 76: 13pF AC Coupling Capacitors throughout the Schematic

The goal of the ac coupling capacitor is to block DC currents and pass the
frequencies of interest with minimal insertion loss. All capacitors block DC currents, but
all capacitors do not provide the same insertion loss at the same frequency. A practical
capacitor does not behave as an ideal capacitor at all frequencies; the first-order
equivalent electrical model of a practical capacitor is a series RLC circuit as shown in
Figure 77; the capacitor model is comprised of the capacitor's capacitance, equivalent

series inductance (ESL) , and equivalent series resistance (ESR).

87



Cap g EsSR

o— oo AMNV—o

Figure 77: Capacitor Equivalent Circuit [40]

Equivalent series inductance and resistance does not only include the inductance
inherent to the physical component stand-alone, but also the inductance and resistance
introduced by the way the capacitor is mounted and its pads connected to other
components on the PCBA. Figure 78 shows the frequency characteristics of the first
order model of a practical capacitor. At low frequencies the highest impedance
component of the circuit is the capacitance and the capacitor behaves as an ideal
capacitor. As frequency increases, the positive reactance contributed by inductance
increases while the negative reactance contributed by the capacitance decreases until at
a certain frequency they become equal in magnitude and cancel each other out. This
point is called self-resonance and the impedance of the capacitor is at its minimum value
equal to its equivalent series resistance (ESR). After the self-resonant point, as
frequency increases, the inductive reactance continues to increase while capacitive
reactance continues to decrease which causes capacitor’'s impedance to increase.
Therefore, after self-resonance, a capacitor behaves as an ideal inductor with

impedance that increases with frequency.
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Figure 78: Capacitor Frequency Characteristics [40]

The region with minimal insertion loss is the frequency range at which the
capacitor is at self-resonance, therefore this is the optimal point to operate an AC
coupling capacitor. However, because the ESL and ESR are dependent on layout of the
PCBA, most application notes recommend using coupling capacitors below their series
resonance so that the impedance can be accurately modeled and predicted and proceed
with the assurance that the capacitor continues to “act as a capacitor.” However, in the
pursuit for minimal insertion loss, the capacitor was chosen at its series resonance
utilizing Murata’s online “SimSurfing” tool which simulates the characteristics of Murata
passive components. [41] One Ohm was defined as the preferred impedance for the
capacitor in the frequency band of interest, which is 2400 MHz to 2500MHz. The Murata,
GJM1555C1H130GB01, 13pF capacitor shown in Figure 79 met the desired behavior

and was chosen as the AC coupling capacitor used throughout the RF circuit.
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Figure 79: Murata SimSurfing Capacitor Simulation Tool [41]
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Figure 80: 13pF Coupling Capacitor, Murata GIJM1555C1H130GB01 Frequency

Characteristics

The transmit chain is shown in Figure 81. When the transceiver transmits, the
signal passes through the external RF power amplifier (PA) U17 followed by the low

pass filter (LPF) FL5 and then the directional coupler U19.
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Figure 81: ISIR Transmit Chain: External Power Amplifier, Low Pass Filter,

Directional Coupler

The RFMD RFPA2026 power amplifier is a 3-stage, 2W amplifier within a 6.0 mm

X 6.0 mm package for use in the 700MHz to 2700MHz frequency range. The datasheet

for the RFPA2026 provides application schematics for 728MHz to 768MHz, 2.11GHz to

2.17 GHz, and 2.58GHz to 2.69GHz, however none of these frequency ranges are the

desired ISM 2.4GHz to 2.5GHz range. However, after contacting an RFMD application

engineer, a circuit for the 2.3GHz to 2.7GHz range was provided as a modification to the

datasheet’s 2.58GHz to 2.69GHz evaluation board as shown in Figure 82. Additionally,

measurements were provided for gain, output power, OIP3, ACPR, and S parameters.
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Figure 82: RFMD RFPA2026, 2.58GHz to 2.69GHz Evaluation Board Modified for

2.3GHz to 2.7GHz [42]

The madified evaluation board picture and evaluation board design files were used
to back out the values used by the RFMD application engineer and incorporated into the
schematic. However, at 2.4GHz, the values of the components are extremely dependent
on the PCBA layout, trace lengths, and component parasitics; therefore the intention
was to use this evaluation board schematic as a starting point before fine-tuning the
circuit component values.

Figure 83 and Figure 84 show the gain and input power compared to the output
power of the modified RFPA2026 evaluation board. These graphs show that the P1dB
compression point occurs at 34dBm at 2400MHz with a gain of 37dB. The RF signal is
modulated using OQPSK which allows use of a power amplifier at its compression point
without significant degradation. According to the graphs, the RFPA2026 consumes a

total 1.175A at 5V which equates to 5.9W while outputting 2.5W (34dBm); therefore the
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amplifier is 42% efficient. This also indicates that 3.4W of the input power is converted

into heat at the amplifier which indicates that heat sinking is required at the RFPA2026

component.

Gain and P1db
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Figure 83: Gain vs Output Power of Modified RFPA2026 Evaluation Board [43]
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CW current vs output power
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Figure 84: Input Power vs Output Power of Modified RFPA2026 Evaluation Board

[43]

FL5 is the DEA102500LT-6307A1 2.45GHz low pass filter for the 2.4GHz ISM
band. The purpose of the low pass filter is to suppress out of band spurs outputted by
the power amplifier in order to reduce possible interference from the transmitter into
higher frequency bands. FL5 reduces the 2" and 3" harmonics at 4800MHz and
7200MHz by 25dB, as shown in Figure 85. Depending on the launch vehicle, mission,
and program requirements the transmission profile of the satellite must attenuate out of
band noise and satisfy radiated emission requirements. If the low pass filter is not

required for the mission, it may be removed and bypassed with a 0 Ohm 0402 resistor.
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Figure 85: TDK DEA102500LT-6307A1 Low Pass Filter, Attenuation Plot [44]

The Skyworks DC25-73LF -17dB directional coupler, U19, is placed at the end of
the transmit chain to sample the signal reflected back toward the power amplifier and
provide this measurement to the amplifier protection circuitry and the C&DH. The DC25-
73LF is a directional coupler for 2.3GHz to 2.6GHz, the block diagram is shown in Figure
86.

Measuring the reflected power provides a way to estimate the VSWR of the
antenna which can be utilized to protect of the power amplifier if the reflected power
exceeds the amplifier's rating. Typically, if an amplifier is operated into an open or short
load (no antenna, or shorted antenna) the amplifier will become permanently damaged.
Forgetting to install an antenna, accidently disconnecting an antenna, or forgetting to
deploy a stowed antenna and transmitting was the most prevalent failure of the PolySat
UHF radio, which resulted in excessive reworking and replacing of amplifier IC.
Therefore, protection circuitry was added to the ISIR in order to prevent accidental

damage to the power amplifier from transmitting into a mismatch load.
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Block Diagram
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Figure 86: Skyworks DC25-73LF Directional Coupler, Block Diagram

The receive chain for the ISIR is shown in Figure 87; it is comprised of a low noise

amplifier (LNA), band pass filter (BPF), and directional coupler.
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Figure 87: ISIR Receive Chain: Low Noise Amplifier, Band Pass Filter, and

Directional Coupler

The received signal first enters the directional coupler which samples the receive

signal so its signal strength can be measured. This sampled signal is fed into additional

protection circuitry that disables the LNA if the signal strength is above the LNA'’s

maximum value so permanent damage does not occur. Excessive signal strength

commonly occurs during benchtop testing when two radios are connected to each other
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through coaxial cable without adequate attenuation. The absolute maximum input power
into the LNA is 5dBm; therefore if a 2W (33dBm) radio directly transmitted into the LNA
without protection circuitry, permanent damage would occur. The directional coupler is
the same model as the one used within the transmit chain.

The TDK DEA252450BT-2027A1 2.45GHz bandpass filter, FL4, is placed before
the LNA in order to prevent saturation of the LNA from out of band sources; this situation
could occur if another radio on the satellite such as the UHF radio were transmitting at
the same time the ISIR is receiving; the LNA could conceivably become saturated and
the 2.45GHz signal would be distorted. However, the ISIR LNA is tuned to the 2.45GHz
band with low gain and high return loss in out of band frequencies. If the band pass filter
is not needed, FL4 can be removed and bypassed with a 0805 resistor. The bandpass
filter was chosen based on lowest insertion loss; however it still introduces a 1dB loss
before the LNA which equates to 1dB degradation in signal to noise ratio of the received
signal if the noise floor is limited by thermal noise.
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Figure 88: TDK DEA252450BT-2027A1, 2.45GHz Bandpass Filter Attenuation

Profile [45]
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U16 is the Maxim MAX2692 low noise amplifier for the 2.45GHz ISM band, the
typical application circuit is shown in Figure 89. The MAX2692 was selected because it
is low power and had the lowest noise figure and acceptable gain compared to
competing options. The MAX2692 has an excellent noise figure of 1.1dB and gain of
18dB. The purpose of the LNA is to increase the receive sensitivity of the radio by

decreasing the overall noise figure of the radio.
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MAX2695
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C1=100nF [C1=100nF
C2=1nF [C2=100nF

Figure 89: Maxim MAX2692 Low Noise Amplifier, Typical Operation Circuit [46]

Let use the transceiver and its specifications to explore the concept of noise figure
and the application of the LNA to improve receive sensitivity. The datasheet for the
AT86RF233 transceiver states a receive sensitivity of -101dBm at 250kbps with a noise
figure of 6dB. This means that in a thermal noise floor limited scenario (no external
interference) at 290K, the AT86RF233 increases the noise floor by 6dB, which
decreases the signal to noise ratio by 6dB and degrades the receive sensitivity by 6dB.
The AT86RF233 always adds a fixed amount of noise into the signal which can be
calculated the relation:

Nadded

F=1
*kT.B
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Where F = the Noise Factor (noise figure is noise factor in dB), N 4404 = the noise
added by the component, and is kT B the thermal noise power within the specified
bandwidth B at the standard temperature of T, = 25C using the Boltzmann constant k.
Using the relation, the AT86RF233 with a noise figure of 6dB always adds a fixed
27.3pW of noise to the signal which equates to -105.6dBm. The bandwidth of the
transceiver is 2.3MHz, which contains inherent thermal noise of -110.4dBm (kTB).
Adding the thermal noise with the noise from the AT86RF233 results in a noise floor of -
104.4dBm is 6 dB higher than the thermal noise, which is the noise figure. These
numbers suggest that a standalone AT86RF233 can decode a 250kbps signal with a
signal to noise ratio of 3.4dB (-101dm - (-104.4dBm)), whether that noise is thermal or
from external interference, and the AT86RF233 always adds -105.6dBm (27.3pW) of its
own noise on top of the input noise. If the AT86RF233 did not contribute additional noise,
then the transceiver could theoretically receive signals as low as -107dBm at 250kbps.
The LNA improves the receive sensitivity by amplifying both the signal and noise
while introducing little noise itself. The LNA amplifies the input noise to the point that the
AT86RF233’s 27.3pW of additional noise makes little to no difference to the overall
signal to noise ratio. Suppose we receive a signal at -105dBm which is then combined
with the PCB’s inherent thermal noise floor of -110.4dBm. The MAX2692 LNA amplifies
the signal and noise by 18dB while adding 1.1dB of its own noise (-110.4 + 1.1 +18).
The signal is now at -87dBm and the noise is at -91.3dBm which equates to a signal to
noise ratio (SNR) of 4.3dB. The AT86RF233 transceiver then receives the signal and
adds -105.6dBm of noise to the input noise, equating to -91.1dBm of total noise (only a
0.2dB increase in noise). The SNR received by the AT86RF233 is still high at 4.1dB
which exceeds the 3.4dB limit and is decodable by the AT86RF233. Without the LNA,
the AT86RF233 would have only been able to decode a -101dBm signal, but with the

LNA the radio could theoretically decode a -105.7dBm signal.
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However, the components before the LNA appreciably degrade the SNR. To find
the noise figure and gain for the complete receive chain, the equation for the noise figure
of cascaded networks is used:

F,—1 Fs—1

F=F
1t Gy * GG,

Where F,= the noise figure of the 1% stage, G, = the gain of the first stage, F,= the noise
figure of the 2" stage, G, = the gain of the 2" stage, etc.

Assuming a 0.1dB loss for each AC coupling cap and the insertion losses stated in
the schematic, the calculation results in a total F = 3.64dB and G=14.2dB for the receive
chain. This means the radio has a 2.36dB improvement of receive sensitivity compared
to the standalone transceiver with a theoretical receive sensitivity of -103dBm.

The receive sensitivity of the radio will also decrease when exposed to additional noise
such as internally generated electromagnetic interference (EMI) from nearby electronics,
in-band noise from external transmitters, or the antenna pattern intersecting with a hot

object such as the sun.

5.3 Power Regulation

The Switching mode power supply circuits shown in Figure 90 and Figure 91
provide efficient regulated power to the board. The 3.3V net provides power for the
transceiver, digital logic, and the LNA. The 5.0V net provides power for the antenna RF
switch, RF power detectors, and the power amplifier. The Texas Instruments TPS63020
high efficiency buck-boost regulator IC was utilized for both power rails. The input to the
regulators is the unregulated battery voltage from the satellite’s battery pack, which is
typically multiple single lithium ion battery cells connected in parallel. The typical voltage
range of a single lithium ion battery is 3.0V to 4.2V, therefore a buck/boost regulator was

required for the 3.3V voltage rail because the input voltage can be below or above 3.3V.
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Figure 90: 3.3V Switching Regulator Provides Power for Transceiver, Digital Logic,

and LNA

To keep things simple, the same regulator was used for both 3.3V and 5.0V;
however, different regulators could have been chosen to reduce space on the PCBA.
For instance, the 3.3V regulator only required an output current of 200mA whereas the
5.0V regulator required a maximum output current of 2A so a smaller regulator could
have been chosen for the 3.3V net. Because 5.0V is always above the battery voltage, a

boost regulator could have been chosen instead of the buck/boost regulator.
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Figure 91: 5.0V Switching Regulator Provides Power for RF Switches, RF Detector,

and Power Amplifier

The TPS63020 was chosen based on its efficiency, low external component count,

output current and physical size. The efficiency of the TPS63020 is around 90% at the

typical battery voltage of 3.7V. High efficiency regulators are required for CubeSats due

to the limited solar input power and limited thermal dissipation. The average solar input

power estimated for the 1U IPEX mission was 1.2W with 2 solar cells on each face of

the satellite.

Heat sinks and fans are not applicable for space applications, so thermal energy is

primarily dissipated through radiation. The heat from the radio needs to be conducted

from the PCBA through heat straps or the satellite structure to an external surface on the

satellite where it is radiated from the system. Thermal dissipation through radiation is

much less than provided by convection, heat sinks, and fans in terrestrial applications.

An example of a CubeSat thermal radiator is shown in Figure 92, which is taken from a

presentation for the CPOD mission designed by Tyvak Nano-Satellite Systems. [23]
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CPOD'’s thermal radiator is nearby the UHF antenna, which suggests that the radiator is

designed to primarily dissipate heat from UHF radio internal to the satellite.
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Figure 92: Example of UHF Radio Thermal Radiator, Tyvak CPOD Mission [23]

Switching regulators are typically not used for sensitive RF and analog circuitry
due to high switching noise conducted into the power net. At a switching frequency of
2.4MHz and an RF frequency range of 2.4GHz to 2.5GHz, the 1000" to 2084™ harmonic
of the switching frequency would be of concern for the RF band components, which
would already be at very low power. The most sensitive circuitry would be the base band
RF detector circuits internal to the transceiver. Typically low-noise, low-dropout (LDO)
linear DC regulators are utilized for sensitive analog circuits. However, LDOs regulate
their output voltage by dissipating power across a transistor proportional to the voltage

drop across the device. The higher the voltage difference between the input and output

of an LDO, the lower the efficiency as calculated with the simple equation: = % .In

in
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addition, LDOs can only output a voltage lower than the battery input voltage, so a
switching regulator would need to be interfaced between the battery and input to an LDO.

The LDO would also require a large power supply rejection ratio (PSRR) at the
switching regulators frequency. Expensive LDOs can be purchased with significant
PSRR up to about 10MHz, however this would only block up to the 4™ harmonic of the
TPS63020’s 2.4MHz switching frequency. Additionally, PSRR decreases with smaller
voltage headroom and higher current draw, therefore efficiency is traded for higher
PSRR. Therefore a custom low pass power filter would provide a better solution to
mitigating switching noise affecting the RF circuitry.

Not enough information is provided in the device datasheets to determine the
center frequency and attenuation requirements of this power supply low pass filter. The
decision was made to take the risk of using only switching regulators on the board with a
feedthrough capacitor and additional bulk capacitors to reduce noise. If the switching
regulators were still found to inject too much noise into the circuitry during testing,
additional noise filtering would be designed into the second revision of the board with the
solution determined empirically by physically modifying the first revision of the PCBA and
measuring performance.

Component values for the input/output capacitors, switching inductor, and
feedback resistors were chosen based on the TPS63020 datasheet. [47] After the
regulator, a Tl INA219 12C power monitor provides current and output voltage
measurements for the satellite’s telemetry database. The power monitor’s current sense
resistor was sized for the maximum current expected from the regulator and the sense
voltage range of the power monitor. The simplified schematic from the INA219’s
datasheet is shown in Figure 93. The power monitor was chosen because of past design

heritage and low power consumption when commanded into a one-shot measurement
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low power mode. The INA219 integrates an amplifier, analog to digital converter (ADC),

and an 12C interface into a single package.

Simplified Schematic

VS
Vine Vine (Supply Voltage)

INAZ219

Power Register

Data

|
o]
1*C-/SMBUS- CLK
Current Register Compatible
© Interface A0

Voltage Register Al

Figure 93: Texas Instruments INA219 Power Monitor Simplified Schematic [48]

A feedthrough capacitor and additional bulk capacitors are placed after the power
monitor to reduce switching noise on the power net and reduce droop introduced by the
sense resistor's impedance. The 499Q resistors and NMOS transistors pull the voltage
rail to ground when the regulator is disabled by discharging the power stored in the bulk
capacitors and preventing a “floating” state. This discharge functionality is provided in
some regulators, but not the TPS63020. Voltage rail discharge ensures that the circuitry
is truly de-energized when the enable signal is de-asserted and not floating at an
indeterminate voltage. In past experience, floating power rails have caused circuitry to
be in an undefined state and exhibit unwanted behavior.

The regulators were designed with standalone testing of the ISIR on the evaluation
microprocessor board in mind. The regulators are enabled simply when power is
supplied to the board, but DNP and 0Q resistors allow the board to be hardware
configured allowing the System Board to enable/disable the regulators and bypass the

5.0V regulator entirely through its on-board regulator “VAR_PL_B.”
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BOARD POWER SENSCOR
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Figure 95: Additional Input Bulk

Figure 94: Board Input Power Sensor Capacitors

Figure 94 shows the power sensor for the entire board, U22. The board derives all
of its power from the satellite battery voltage “VSUM,” therefore all power consumed by
the board will be measured by U22. By measuring the power at the battery voltage, the
actual power draw of the board can be characterized without assuming efficiencies for
the regulators. Figure 95 shows additional bulk capacitors for the System Board voltages.

R143 simply discharges the battery voltage net when the battery is disconnected.
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5.4 Transceiver Frequency Source

The AT86RF233 transceiver allows use of a crystal or oscillator as its 16MHz
frequency source. According the evaluation board hardware user manual, the
REB233SMAD transceiver evaluation board interfaces a Siward SX4025 crystal with two
load capacitors of 10pF each to the AT86RF233 which is calibrated with the radio
transceiver trim capacitors using the register XOSC_CTRL. The evaluation board user
manual guarantees a tolerance within +20ppm and -5ppm. [25] However, the
recommended operating range with the crystal is between -20 and 70C. The
AT86RF233 also permits the usage of a temperature compensated crystal oscillator
(TCXO) for its frequency source. A TCXO provides a more accurate frequency source
across a larger temperature range, but will consume more power than using the crystal.

Both a crystal and TCXO source are designed into the schematic as shown in
Figure 96. The board is resistor configurable to select one of the two frequency sources.
During testing of the first board revision, the performance of the radio can be compared
between using either frequency reference source; however only the TCXO is expected
to be required in future revisions. All of the internal frequencies of the AT86RF233 are
derived from this frequency reference source; therefore the overall system performance
is determined by the reference frequency accuracy. The AT86RF233 datasheet specifies
a required reference frequency accuracy of +/-30ppm for correct functionality at
2000kbps, as shown in Figure 97. [28] However, it is assumed a more accurate source

is required due to tolerate additional Doppler shift between the transmitter and receiver.
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Frequency Reference Options
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Figure 96: Transceiver Frequency Reference Options
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Figure 97: AT86RF233 Required Frequency Accuracy [28]

The AVX CX3225SB16000EOFPZ25, 16MHz crystal was chosen because it had

a resistive divider.

the tightest frequency stability compared to other crystals at +/-10ppm. The crystal will
operate within the -40 to 85C temperature range, but its frequency will vary an additional
+/-16ppm. Similarly, the ECS Inc., ECS-2532HS-160-3-G TCXO was chosen due to its -
40 to 85C operating range and +/-10ppm frequency stability. The output of the TCXO is

reduced from 3.3V to between 400mV and 500mV as required by the AT86RF233 using

The 12pF trim capacitors across the crystal were chosen carefully after consulting

affect the frequency stability significantly and the AT86RF233 provides additional

literature on the subject and referencing Atmel application notes; these capacitors can
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internal trim capacitors to allow calibration of the reference frequency to correct for
component tolerances as shown in Figure 98. [28] The 12pF value was calculated from
a Microchip application note AN826, “Crystal Oscillator Basics and Crystal Selection...”.
[49] The capacitor value is calculated using the oscillator’s effective load capacitance

and crystal specification.

ICPAR —_ ==CX Cear
w | 1

16MHz
EVDD XTAL1 XTAL2  peg
- R B ATB6RF233
Crrim % } Crrim
XTAL_TRIM[3:0] | XTAL_TRIM[3:0]
EVDD

Figure 98: AT86RF233 Datasheet Simplified XOSC Schematic with External

Components [28]

Kemet CBR02C120F3GAC 1% NPO capacitors were chosen for the 12pF
capacitors to minimize frequency variations and drift due to the capacitor tolerance and
temperature drift; these capacitors have a temperature stability of 30ppm which results
in a total tolerance of 1.3% or 0.156pF across the -40C to 85C temperature range.
Looking at the capacitor trim graph from the Atmel application note “Crystal
Characterization for AVR RF,” shows that this 0.156pF tolerance results in

approximately 1ppm variation. [50]
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Figure 2-2. XTAL_TRIM pullability plot for CX = 15pF EPSON® TSX-3225 16MHz on TB2_XMEGA®_231.
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Figure 99: Trim Capacitor Graph from Atmel Application Note [50]

5.5 Amplifier Protection and RF Power Measurement

During development of several CubeSat missions in the PolySat lab, a common
incident repetitively occurred: permanent damage to the UHF power amplifier due to
transmitting without an antenna or load on the output of the UHF radio. During testing
and troubleshooting, development satellites and “flatsats” are torn down, modified, and
re-built; this happens hundreds of times during development of hardware for any given
mission. Typically, the satellite software automatically transmits beacons when powered.
If the person rebuilding the hardware forgets to place either a load or antenna on the
output of the UHF radio, the power amplifier will overheat and become damaged from
excessive reflected power into its output. This surface mount power amplifier then needs
to be replaced with a new amplifier using a microscope and hot air gun soldering
techniques.

The power amplifier could also become damaged if transmitting while the antenna
was stowed or an object shorting the antenna due to excessive load mismatch. Similarly,

LNAs were becoming damaged from excessive input power into the radio during receive
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testing from inadequate attenuation at the radio’s input. Needless to say, these common
occurrences became irritating, time consuming, expensive, and provided motivation to

design a protection circuit for radio amplifiers.

. CAL PO Yol

[2]

Figure 101: Removal of the UHF Power Amplifier (Microscope)

Power amplifiers have maximum voltage standing wave ratio (VSWR) ratings.
VSWR is a measure of the magnitude of power reflected from the load and back to the
power amplifier's input. A VSWR of 1:1 indicates a perfect match with no power
reflecting and all output power dissipated in the load. A VSWR of 2.0:1 indicates minor
mismatch with 33% of the signal reflected back to the amplifier. VSWR equal to 5.0:1 is

67% reflection, 10.0:1 is 82% reflection, and infinity:1 is 100% reflection. A voltage
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reflection increases the instantaneous voltage on the amplifier output and increases

current draw in the amplifier. High power dissipation caused by high collector current

draw increases the amplifier temperature past its absolute maximum ratings causing

permanent damage. [51] Similarly, LNAs have an absolute maximum input power before

permanent damage occurs.
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Figure 102: Power Amplifier Protection Circuit Block Diagram

The block diagram for the power amplifier protection circuit is shown in Figure 102.

The protection circuit consists of a directional coupler, RF detector, and digital logic to

disable the amplifier before the reflected power exceeds the amplifier's VSWR limit. The

protection circuit is an active circuit that samples the reflected power, through a

directional coupler and RF detector, and disables the power amplifier when the power

reaches a resistor configurable limit. A comparator with hysteresis is utilized to detect

when the sample exceeds the limit and a one-shot (mono-stable multi-vibrator) converts

the comparator’s alert signal into signal that disables the amplifier for a defined duration.

When the load exceeds the VSWR limit of the power amplifier and the amplifier

transmits, then the protection circuit will disable the amplifier for a set amount of time,

112



allowing the component to cool down. When the disable time elapses, the amplifier will

transmit again which will trigger the protection circuitry and disable the amplifier once

again. The circuit will oscillate with the power amplifier transmitting for a short pulse and

then becoming disabled for the long duration until the VSWR of the load changes to

below the permissible limit or transmission halts. An analog to digital converter (ADC) is

also added to the circuit to provide a measurement of the reflected power to the C&DH.

The ADC has a register that stores the maximum value measured, which can be read

and cleared by the C&DH for maximum VSWR measurements. The C&DH could act on

this telemetry by alerting the user with the value or by reducing the power into the power

—> C&DH

amplifier.
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Figure 103: Low Noise Amplifier Protection Circuit Block Diagram

The block diagram for the LNA protection circuit is shown in Figure 103. The

protection circuit is identical to the power amplifier circuit, with the difference being that

the circuit samples the input signal power level instead of a reflected signal power level.
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Figure 104: RF Directional Coupler, DC25-73LF

Figure 104 is the schematic snippet of the directional coupler used for both the

power amplifier and LNA protection circuits. The coupler introduces an insertion loss of

0.2dB to the RF chain and has a coupling factor of C = -17dB indicating the RF sample

from the “COUPLED” output will be 17dB less than the RF signal incident on the “IN”
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Figure 105: Amplifier Protection Schematic: Detector, Level Translator, and ADC

Figure 105 shows the first half of the amplifier protection schematic containing the

RF detector, level translator, and ADC. The ADL5501 RMS 50MHz to 6GHz “TruPwr”

detector manufactured by Analog Devices was chosen as the RF detector. In the pursuit

114



of simplicity, a design decision was made to use the same RF detector model for the PA
and LNA power protection circuitry. The ADL5501 was chosen because of its low power
draw, high input range allowing measurement of LNA input and PA output, high
accuracy, and sufficient datasheet information and graphs. The Linear Technologies part
LTC5505 was initially chosen due to its lower power consumption and higher input range,
but the datasheet contained insufficient information regarding its accuracy and error
variation with input voltage and temperature. The functional block diagram from the

ADL5501 datasheet is shown in Figure 106. [52]
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Figure 106: Analog Devices ADL5501 Datasheet Functional Block Diagram [52]

Absolute Maximum Ratings

Parameter Rating Unit
Supply Voltage (Vog, Veias, Ven) 6.0 v
Amp1 DC Current (lgeq) 100 mA
Amp2 DC Current (lgez) 250 mA
Amp3 DC Current (Iges) 1500 mA
CW Input Power, 500, 2-Stage Operation 18 dBm
CW Input Power, 50¢, 3-Stage Operation 18 dBm
Modulated (WCDMA) Input Power, 6:1 Output 10 dBm
VSWR, 2-Stage Operation
Modulated (WCDMA) Input Power, 6:1 Output 18 dBm
VSWR, 3-Stage Operation
Operating Junction Temperature 160 °C
Operating Temperature Range (T)) 4010 +85 °C
Storage Temperature -40 to +150 °C
ESD Rating - Human Body Model (HBM) Class 1A
Moisture Sensitivity Level MSL 3

Figure 107: RFPA2026 Datasheet Absolute Maximum Ratings [42]
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Figure 108: MAX2692 Datasheet Absolute Maximum Ratings [46]

The trigger values for the circuit were decided based off the maximum ratings
within the RFPA2026 PA and MAX2692 LNA datasheets shown in Figure 107 and
Figure 108. [34, 39] Although not explicitly stated, the RFPA2026 maximum output
VSWR was inferred to be 6:1; an engineering margin of 50% was added for a design
limit VSWR of 3:1. The LNA maximum input was stated to be +5dBm, which was
translated to a design limit of 3dBm with 2dB of engineering margin.

Hysteresis is designed into the circuit to prevent oscillation during conditions near
the limit of the circuit. The PA VSWR falling limit was chosen to be 1.8:1 and the LNA
input power falling limit was chosen to be 0dBm. Therefore, the PA circuit will trigger
when the load presents a 3:1 VSWR or higher and release when the load presents a
1.8:1 VSWR or lower. Similarly, the LNA protection circuit will trigger at an input of 3dBm
and release at 0dBm. The protection circuit design hysteresis plots are shown in Figure
109 and Figure 110.
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Figure 109: PA Protection Circuit Design Hysteresis
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Figure 110: LNA Protection Circuit Design Hysteresis
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Figure 111: ADL5501 Datasheet Output vs. Input Level [52]

The RF detector was operated at a supply of 5V because the datasheet
characteristics and graphs were measured with the component powered from a 5V
supply. The RF detector datasheet input power versus output voltage plot is shown in

Figure 111. [52] Figure 112 shows the linearity versus input level for the RF detector,

which illustrates the usable input range of the device. An accuracy of 1dB was desired

for the amplifier protection circuitry; therefore the RF detector must be accurate within

1dB. The plot shows that inputs below -15dBm and above 7dBm produce excessive

error therefore the usable range for the RF detector is between -15dBm and 7dBm.

Additionally, the circuit should operate correctly over the PCBAs operating temperature
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range of -40C to 85C (industrial). Figure 113 shows the error due to temperature drift;
this plot indicates the detector will exhibit an error up to +/- 0.3dB at extreme
temperatures compared to room temperature. The optimum point of operation is at the

center of the input vs. output graph at -5dBm with the minimum error and highest

linearity. Therefore, the power amplifier protection circuit was designed to operate near

the -5dBm point.
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Figure 112: ADL5501 Datasheet Linearity Error [52]
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Figure 113: ADL5501 Datasheet Temperature Drift [52]

Considering the PA has a maximum output power of 34.5dBm, the insertion loss of
the low pass filter, insertion and coupling factor of the coupler and the insertion loss of
the RF switch, the maximum output of the coupler is 15.35dBm. Two attenuators with a
combined attenuation of 16dB are added to the input of the PA protection RF detector to
reduce the maximum input level to -0.65dBm. At the PA protection design limits of
VSWR of 3:1 and 1.8:1 the input to the RF detector is approximately -3dBm and -
8.2dBm respectively; these inputs are centered around -5dBm where there is minimal
error. The LNA RF detector does not require additional attenuation and an LNA input at
3dBm and 0dBm corresponds to an RF detector input of -14dBm an -17dBm
respectively; the -17dBm value is slightly out of the linear range for the detector, but not
enough to warrant concern.

To reduce error from visually interpreting the datasheet plots within the RF
detector datasheet, an online plot digitizer tool “WebPIlotDigitizer” created by Ankit

Rohatgi was utilized to convert the input versus output plot at 2350MHz into a csv data
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file which was imported into excel. [53] The WebPlotDigitizer online application is shown

in Figure 114,

Acquired Data

Dataset: Default Dataset ¥ Sort

Variables: X, Y Sort by: Raw v
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Figure 114: Digitizing the ADL5501 Input vs Output Plot with WebPlotDigitizer [53]

The input versus output plot shows a trace for 2350MHz; however the center design
frequency for the protection circuitry is at 2450MHz. Digitizing the conversion gain plot
from the datasheet provided the difference in gain between 2350MHz and 2450MHz; the
difference in gain is 2% as shown in Figure 115 which isn’t too significant, but the factor

of 0.98 to convert the 2350MHz plot to 2450MHz was used to reduce error.
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Figure 115: Digitized RF Detector Conversion Gain Plot

Figure 116 shows the digitized data from the input vs output plot at 2350MHz and
the extrapolation calculation to 2450MHz. This data was used to plot the extrapolated
input vs output plot in excel. A fourth-order polynomial trend line was fit to the data and
equation displayed on the plot as shown in Figure 116. This equation was used within
excel to calculate the expected output voltage of the RF detector at the five power levels
of interest: maximum PA reflected power (1dBm) and the upper and lower hysteresis
limits of the PA and LNA; these output voltages are shown in column “Fit Result 2 (V).
The conversion gain was calculated at each power level to compare against using the

flat linear gain of 4.98.
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A B c D E F G H [} 1 K L M N
1 Input(dBm) Input(Vrms) Output(V) Extrapelate to 2450MHz Calc Conversion Gain (V/Vrm: Datasheet Conversion Gain
2 | -24.58218553 0.013193977 0.087409678 0.085748894 6.624968155 4.97722 0
3 | -23.97091921 0.014155951 0.092186026 0.090434492 6.512174869 4.97722
4 | -23.35972444 0.015187937 0.09744658 0.095535095 6.416051189 4.97722
5 | -22.74832933 0.016295532 0.102348033 0.100403421 6.280742177 4.97722 ~
6 | -22.13710594 0.017483553 0.108089283 0.106035586 6.182340624 4.97722 .
7 | -21.52603995 0.018757848 0.114729952 0.112550083 6.116370835 4.97722
8 | -20.91487379 0.020125251 0.121388261 0.119081884 6.031639518 4.97722 S 1 —+
9 | -20.30383642 0.021592015 0.128964222 0.126513902 5.9727737 4.97722 E :
10 | -19.69274181 0.023165832 0.136761876 0.1341634 5.903602831 4.97722 E Z > ::::x
11 -15.0816472 0.024854363 0.145031005 0.142275416 5.83523315 4.97722 o —= 900MHz
12 -18.47073861 0.026665398 0.154719866 0.151730188 5.802270995 4.97722 - —— 1300MHz
13 -17.85984433 0.028508348 0.165131715 0.161994212 5.7721512% 4.97722 ——2350MHz
14| -17.24892143 0.030692971 0.176082636 0.172737066 5.736904224 4.97722 _m::
15| -16.63808433  0.03292917 0.18827718 0.184699914 5.717641249 4.97722 — 5000MHz
16 -16.02704702 0.035329106 0.200027744 0.196227216 5.661839839 4.97722
17 -15.41608119 0.037903642 0.212999565 0.208952573 5.619501276 4.97722 10 5 P 5 10 15 8
18 -14.80527277 0.040865055 0.227959787 0.223628552 5.605730714 4.97722 INPUT (dBm) E
19 -14.19449297 0.043627503 0.244194649 0.23955495 5.597263962 4.97722 Figure 4. Output vs. Input Level: Frequencies = 100 MHz, 450 MHz, 900 MHz,
20 | -13.58364162  0.04680615 0.260986541 0.256027796 5.575902738 4.97722 gJ'QDD MHZ,pZiSU Mh?z, 2700MHZ,“4DGOMHZ, 5000 MHz, and 6000 MHz:
21 -12.97270441 0.050216836 0.273166588 0.272881423 5.539303771 4.97722 Supply =5.0V
22 -12.36196753 0.053874918 0.298387359 0.292717939 5.538520851 4.97722
23 -11.7511448  0.05779399 0.319198441 0.313133671 5.522465345 4.97722
Figure 116: Resulting Data within Excel with Additional Calculations
N (o] P Q R S v X Y ]
Description  Input Power (dBm) Input Power (Vrms) Fit Result 2 (V) Calc Conv After Op Amp1 (V)
Highest Meas 1 0.250890954 1.255 5.003 3.3014444
PA UPPER -3 0.15830149 0.810 5114 2.1290897
PA LOWER 82 0.086993139 0.461 5.302 1.2129838
LNA UPPER -14 0.044615422 0.246 5.522 0.6479733
LNA LOWER -17 0.0315853 0.179 5.652 0.4694677
6 6
¥ =-5.710988E+00x" + 8.878903E+00x° -
3.859409E+00x + 5.465264E+00x +9.459018E-
3 03 5
")‘M R? = 9.999834E-01 ;
4 a
Output (V) 3 / + Seriesl Output (V) 3 ;
® 2450MHz
f Series2 }

pd

Poly. (Series1)

——Poly. (2450MHz)

=-2.601846E-08x° - 1.038289E-06x° -

1.397518E-07x* +4.850113E-04x% +

9.392302E-03x% + 1.237536E-01x +
1.099522E+00

0 0.2 0.4 0.6 0.8 1 1.2 -30 -20 -10 o 10 R =2‘9.995291E701
Input (Vrms) Input (dBm)
7
6
5
C 4
Gain
(V/vrms) 3 # Seriesl
* Series2
2
1
0 T T T 1
-30 -20 -10 o 10 20
Input (dBm)

Figure 117: Excel Calculations for RF Detector Output at Amplifier Protection

Limits

Now that the voltages from the RF detector at the limits have been found, the

optimum gain for the level-converting, operational amplifier (op-amp) can be found to

122



maximize the accuracy of the ADC measurements by utilizing its input range up to 3.3V.
Also, the higher voltage levels are required for the comparator input used later in the
circuit to keep the signal above the comparators internal 400mV reference. The
maximum voltage level expected to be read by the ADC was calculated by assuming a
full reflection at max power from the power amplifier with additional margin resulting in
1dBm incident on the RF detector. 1dBm input results in 1.255V output which can be
scaled up to 3.3V with a gain of 2.63 V/V.

As shown previously in Figure 105, an op-amp circuit in a non-inverting
configuration is used to level convert the RF detector output voltage to higher voltage

levels. The op-amp resistor values were calculated using the non-inverting gain

equation: G =1+ %. The input resistor balances the op-amp to reduce error as
1

described in the article “Design Balanced Op-Amp Circuits for Performance and
Simplicity.” [54] The feedback capacitor attenuates high frequency noise above 1MHz by
creating a low pass response which is described in Texas Instruments Amplifier

WEBENCH webpage shown in Figure 118. [55]

Your Selection:
NonInverting Amp

VO ur

Rload

The Non-Inverting Amplifier multiplies the input voltage
(vin) by the desired positive gain, and subtracts a voltage
proportional to the applied reference voltage:

Vout = Vin x (1 + Rf/Rg) - Vref x (Rf/Rg)
Note that if Vref = 0V, then the output voltage equation
simplifies to:

Vout = Vin x ( 1 + Rf/Rag)

The feedback capacitor Cf rolls off the gain at frequencies
above 1/2pi x RfCf, to attenuate high-frequency noise.

Figure 118: Texas Instruments WEBENCH Non-Inverting Amp Description [55]
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The Texas Instruments ADC121C021 analog to digital converter (ADC) was
selected to allow the C&DH microprocessor to read the power amplifier reflected power
and LNA input power as well as the power amplifier transmitted power described later.
The datasheet block diagram for the ADC121C021 is shown in Figure 119 [56] The ADC
has a highest conversion and lowest conversion register which will store the maximum
and minimum readings input to the ADC. The microprocessor can read and clear these
registers and report the reflected power level to the user or act upon the level by either
reducing input power to the power amplifier or disabling the protection circuitry. The alert
pin from the ADC is also fed to the GPIO expander for read access by the

microprocessor.

ADC121C021/
ADC121C027

A 4
i irmi

High Limit

=
i

Alent
Set-Point ALERT*
Comparator

Low Limit

ADDR* FC Serial Interface

[4—>g sDA

[— SCL

GND
—l— * Note: The ADG121C021 has the ALERT pin but no ADDR pin.
= The ADC121C027 has the ADDR pin but no ALERT pin.

Figure 119: Texas Instruments ADC121C021 ADC Block Diagram [56]

Figure 120 shows the schematic for the remainder of the protection circuit. The
amplified output of the RF detector is routed to the input of the Analog Devices

ADCMP343 comparator. The comparator has an internal 400mV reference with
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programmable hysteresis; the datasheet block diagram for the ADCMP343 is shown in

Figure 121. [57]

LNA
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Figure 120: Amplifier Protection Schematic: Comparator, One-Shot, and

Additional Logic

Voo
M
h—
na ADCMP343
R1 i:-INA_U ~
R2 3-INA_L I : ) OUTA
L +
R3S
= 400mV
VINB —
1 :
2_INB_U ) outs
L -
2-INB_L I :
L
s
— ~
p—
GND

Figure 2. ADCMP343

Figure 121: Analog Devices ADCMP343 Datasheet Block Diagram [57]

The resistor values for the comparator were chosen following the equations within the

datasheet and the desired hysteresis values chosen previously. The result is that the
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comparator will output a low signal (0V) when the upper limit is reached and a high
signal (3.3V) when the input is lower than the lower limit.

The output of the comparator is then routed to the input of a one-shot circuit
designed using the SN74LVC1G123 mono-stable multi-vibrator. The external capacitor
and resistor was chosen following the graph within the devices datasheet to output a
high pulse for 1ms as shown in Figure 122. [58] After the one-shot is an inverter to
convert the disable pulse from active high to active low. The active low disable signal is
then fed to a 3-input logic AND gate with the transceivers TX/RX signal and GPIO
signals allowing the C&DH to override and disable the PA or LNA independently. The
transceiver TX/RX signal into the AND gate disables the LNA during transmit and

disables the PA during receive.

109
Vee =33V _~
@ 108 €€
c = 25°
L Ta=25°C //
c
S
.'E 106 /// //
=
Q 405 ] /
? "
R|_=
210" /%f i i 1kQ
3 =1 5kQ
7 102 10 kQ
S 100 kQ
“ 101
10 | 200 kQ

-

102 103 104 105 106

=y
o

Cext — External Timing Capacitance — pF
Figure 4. Output Pulse Duration
vs External Timing Capacitance

Figure 122: Texas Instruments SN74LVC1G123, One-Short Duration Graph [58]

In addition to the reflected power from the power amplifier, the output power of the
amplifier is also recorded by an additional ADC shown in Figure 123. The circuit uses
the same ADC as the amplifier protection circuitry. The input to the ADC is supplied by
an RF detector circuit internal to the RFPA2026. Measuring the power transmitted by the

amplifier allows calculation of the VSWR of the antenna as well as allowing the C&DH to
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monitor and control the output power of the power amplifier in a closed-loop fashion by

varying the output power from the transceiver input to the power amplifier. The C&DH

could compensate for gain drift of the amplifier due to temperature.

Transmit Power Measurement (For CD&H TX PWR Control)

2 DET_OUTY
R110
10.2k
0.1%
r 0402

=
1 - ;
scL 13
'L_E > SDA
2

3 cii3
01uF ciia 115
¢ 0201 0AUF =—47uF

c 0201_] c 0402
5 = V3 = =
s Pl . A
5| odt VIN
o 5 scL
- 4 ADR1 SDA
R111 v = i R p—
27 4k OPA34BAIDBVR = 7
01% GND
r 0402 M =38
R115 ADC121C021
= R112 0
DNP r_0402 2C ADDR:
T s os02 12C ADDR:

3V

R118
10k
r_0201

3.4

> PWR_DET_ALERT

0x56

Figure 123: Transmit Power Measurement ADC

The RFPA2026 datasheet plot of “Detector Output versus Output Power” was digitized

to find the output voltage at the maximum value of 36dBm. The ADC operates with a

range to 3.3V, so the detector output was reduced with a resistive divider and buffered

with a unity gain op-amp to the input of the ADC.
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Figure 124: Digitized RFPA2026 Detector Output vs Output Power Plot

The protection circuitry and measurements of reflected, input, and output power

would be useful during development, but may not be necessary or desired during flight.

Therefore, the board has the provision to disable the protection circuitry through the
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“‘“AMP_PROTECT_ON” signal and command the ADCs into a shut-down state through
I12C; disabling this circuitry would reduce the power consumption of the board. Therefore,
the only down-side to the protection circuity and ADCs is the occupied area on the

PCBA.

5.6 Development Interface

Atmel Eval Daughter Board Connector Power Breakout Eval EEPROM Programming Interface
W3 COH J5 33 COH VSUM "
| =] & Pin jumper RT ANG
4 1B o e
! el 2 Pin Jumper < SPI_MS
11 = a3 .
ol e} 2 Pin Jumper -58P11_SPCK
Kt sy RIS 00 5 e} -
1 3 NRS
RI20,, 0 _— EER
N RIS YCVR SLP
e &Rz Q5o e T
1 PIT_SPCK G—BIZAWN 5 SPI1"CS 16
co
—
Eval EEPROM

= = 3

IS

|
RI31 2 RIR2
§ -)uk§ 100k

i1
— SNTALVCIG11YZPR

Figure 125: Evaluation Board Development Interface

Figure 125 shows the schematic for the development headers and EEPROM on
the board. These components are not used in flight and are only for development
purposes. The Atmel evaluation daughter board connector permits the board to be
installed into the Atmel microprocessor PCB shown in Figure 34. While installed into the
Atmel microprocessor PCBA, the microprocessor evaluation software can be utilized to
perform receive sensitivity and transmit power testing exactly as performed for the
transceiver evaluation board. The EEPROM is necessary to store information about the
board, such as MAC address and external amplifier information, used by the Atmel
evaluation software. These interfaces allow standalone testing of the ISIR independent

of the satellite System Board without additional embedded software development.
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5.7 Receive and Transmit Power Draw Estimation

The power draw of the radio during receive and transmit modes is estimated by
consulting datasheets and totaling the current draw for each component at its expected
operating state. Table 15 is a count of all the active components on the PCB and the
expected power draw during receive mode. In receive mode, the power amplifier and
power amplifier protection circuitry is disabled and the transceiver is commanded into
high sensitivity listening mode. The temperature and power sensors are commanded
into shutdown mode when not in use. The system processor will only probe the sensors
every few minutes, which corresponds to an insignificant duty cycle and power draw.

The most significant loads during receive are the transceiver (43mW), low noise
amplifier (15mW), and temperature compensated crystal oscillator (37mW). The total
power draw in receive mode is calculated to be 97mW assuming a regulator efficiency of
90%. The design target was a receive power draw less than 200mW.

Table 16 shows the power draw estimation during transmission. In transmit mode
the power amplifier is powered and amplifying, the transceiver is transmitting, the LNA is
disabled, and the power amplifier protection circuitry is powered. The transmit power
draw is 6.9W which is below the design target of 8W. The power amplifier dominates the
transmit power drawing 6.8W during 2W saturated transmit with a 30% efficiency. 0.68W
of heat is dissipated in the 90% efficient switching regulator. The power amplifier current
draw was taken from a graph provided by RFMD for an evaluation board modified for

2.4GHz operation.
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Table 15: Receive Power Draw Estimation

Number

- o Voltage Current Power
Device Description of Notes
P Devices M) (mA) (mw)
Software
AD7414 | Temp Sensor 1 3.3 0.000003 0.0 commanded
power down
mode
AT24C128 Normal Idle
C-MAHM-T EEPROM 1 3.3 0.006 0.0 draw
TCA9539R GPIO Operating
TW Expander ! 33 0.03 0.1 draw
ECS-
2532HS- TCXO 1 3.3 10 36.7
160-3-G
RX Mode
AT863RF23 Zighee XCVR 1 3.3 11.8 43.3 (Listen), High
sensitivity
RFPA2026 | Transmit PA 1 5 0.0 Not -
Transmitting
MAX2692 Receive LNA 1 3.3 14.7
Software
INA21.9AID Power 1 33 0.015 0.1 commanded
CNR Monitor )
idle mode
Software
ADczllzlco ADC 3 3.3 0.000002 0.0 | commanded
idle mode
Detector
ADL5501 RF detector 2 3.3 0.001 0.0 Disabled
during receive
HMC595E RF Switches 3 5 0.05 0.8
OPA348Al
DBVR Op Amp 3 3.3 0.065 0.7
ADCMP343 | Comparator 1 3.3 0.007 0.0
SN74LVC1
G123YZPR One-Shots 2 3.3 0.00002 0.0
Remove from
AT25010B- Eval
MAHL-T EEPROM 1 3.3 0 0.0 board_for
Intrepid use
FXMA2102 12C Level
LaX Trans 1 3.3 0.005 0.0
SN74LVC2 2-Bit Level
T45Y7ZPR Trans 3 3.3 0.004 0.0
NLSV1T24 1-Bit Level
AMUTBG Trans 2 3.3 0.002 0.0
SN74LVC2
G04YZPR Not Gate 2 3.3 0.01 0.1
SN74LVC1
G11YZPR And Gate 2 3.3 0.01 0.1
Regulator Total (mW)
Efficiency: 0.9 : 97
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Table 16: Transmit Power Draw Estimation

Number

Device Description of Vo(lila)lge Ca;r:; t '?r?]v\\/'\?)r Notes
Devices
Software
AD7414 | Temp Sensor 1 3.3 0.000003 0.0 commanded
power down
mode
AT24C128 Normal Idle
C-MAHM-T EEPROM 1 3.3 0.006 0.0 draw
TCA9539R GPIO Operating
TW Expander ! 33 0.03 0.1 draw
ECS-
2532HS- TCXO 1 3.3 10 36.7
160-3-G
ATBBRF23 | 7i0hee XCVR 1 3.3 13.8 50.6 | [Xatmax
3 power
. Transmitting at
RFPA2026 | Transmit PA 1 5 1225 6805.6 34 5dBm
MAX2692 | Receive LNA 1 3.3 0.01 00 |Offduring
transmit
Software
INAZ19AID Power 1 33 0.015 0.1 commanded
CNR Monitor .
idle mode
Software
ADczllzlcO ADC 3 3.3 0.000002 0.0 | commanded
idle mode
ADL5501 | RF detector 2 33 15 110 | Detector with -
6dBm input
HMC595E RF Switches 3 5 0.05 0.8
OPA348Al
DBVR Op Amp 3 3.3 0.065 0.7
ADCMP343 | Comparator 1 3.3 0.007 0.0
SN74LVC1
G123YZPR One-Shots 2 3.3 0.00002 0.0
Remove from
AT25010B- Eval
MAHL-T EEPROM 1 3.3 0 0.0 board_for
Intrepid use
FXMA2102 12C Level
L8X Trans 1 3.3 0.005 0.0
SN74LVC2 2-Bit Level
T45Y7ZPR Trans 3 3.3 0.004 0.0
NLSV1T24 1-Bit Level
AMUTBG Trans 2 3.3 0.002 0.0
SN74LVC2
GO4YZPR Not Gate 2 3.3 0.01 0.1
SN74LVC1
G11YZPR And Gate 2 3.3 0.01 0.1
Regulator Total (mW)
Efficiency: 0.9 : 6906
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6 Layout

After creating a netlist from the schematic, layout of the ISIR was performed over
several weeks utilizing OrCAD PCB Editor. In order to fit the design within the small,
single-sided 1.4” x 3.3” area specified by the System Board requirements, SMT lead-less
and BGA components were required. During the layout, many components that were
initially SOT or leadless packages had to be replaced with BGA equivalents to fit all the
components on the board. The small form factor and complexity of BGA components
requires automated assembly of the board by a PCBA assembly house and therefore
additional cost. The board was a self-funded student project, so cost was a primary
concern.

In order to reduce PCB fabrication cost, the board was designed with constraints
adhering to PCB manufacturer Advanced Circuits’ 4-Layer PCB “$66 each” deal. The
constraints of the $66 deal are outlined on the website and reproduced in Figure 126.
The PCB stackup is also defined by the $66 deal as shown in Figure 127. Following the
large drill and line/space requirements of the $66 deal design rules resulted in
decreased component density and therefore less optimized PCB area. The board was
fabricated at Advanced Circuits, but was shipped to a cheaper assembly house for pick
and place assembly. To reduce cost, the boards were assembled with a long lead time;

the assembled boards arrived about one month after the layout was completed.
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$66 Each Specifications

Min. Qty 4 Boards s 1 Part Number per Order (extra S50 charge for
Lead Time 5 Days multiple parts or step & repeat)

4-Layers, FR-4,0.062" 1 oz. cu plate
Lead FREE Solder Finish

Max. Size 30 sg. inches

No Slots (or overlapping drill hits)

Min. 0.006" line/space No Internal Routing (cutouts)

Min. 0.015" hole size No Scoring, tab rout, or drilled hole board
Plated or Non-plated hales (if no specifications separations

provided, holes will be plated) Routed to overall dimensions

Maximum 35 drilled holes per sq. inch Green LPI Mask

White Legend (1 or 2 sides)

Figure 126: Advanced Circuits 4-Layer $66 Each PCB Deal [59]

0.062" 4 Layer
|
Two 2116 Sheets
1
0.062" 0.040" Core 10zCu
+/-10% All Layers

Two 2116 Sheets

Figure 127: Advanced Circuits Standard 4-Layer Stackup [59]

A picture of the final, assembled PCBA without lid is shown in Figure 128. The final

layout of the PCB and four layers are shown in Figure 129 through Figure 132. Due to

minimal clearance with the Intrepid System Board, all of the components are mounted

on the top side of the board; the single-sided assembly also reduced cost. The PCBA

consists of 330 individual components, 841 connections, and 826 drilled holes for vias

and mounting. A metal shield surrounds the RF components to reduce electromagnetic

coupling into the sensitive RF circuitry. The switching regulator circuits for the board are

placed outside this shield to minimize any coupling that might occur.

The top layer consists of component footprints, digital signal, and RF routing. The

second layer is a solid, uninterrupted ground plane to provide consistent impedance for
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RF and digital signals as well as minimize EMI from the PCBA. The third layer is
primarily power floods routing the battery, 3.3V, and 5.0V power nets using wide copper
shapes to minimize power net impedance, reducing inductance and therefore reducing
noise coupling and rail collapse. The power layer is placed next to the ground plane to
reduce EMI and provide minor decoupling capacitance. The bottom layer simply consists
of low frequency digital signal routing with no practical characteristic impedance

requirements.

= Duux_

S-BAND RADIC R1
CAL POLY, SLO
CRATG FRANCIS
e Py [
s ne

HIS

Figure 129: ISIR PCBA Layout Top, Signal and RF
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Figure 130: ISIR PCBA Layout Layer2, Ground
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Figure 131: ISIR PCBA Layout Layer3, Power and Signal
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Figure 132: ISIR PCBA Layout Bottom, Power and Signal
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Figure 133 shows the top layer with annotations calling out the location of the six
important circuitry groups on the PCBA: power regulators, transceiver, low noise

amplifier, power amplifier, antenna connectors, and development headers / test points.

POWER REGULATORS & -
7 i

oo

.
-
ki4d - :.-

o B T 1o
T B B[S
g o
LI i | w2 ;u i A = - oo

E = o S e 3 H
= S Jes | 2 o= g 2n -
z 7 B[k e e it o o
» S-BAND RADIO RI 22Tl _ s ® 4 g
= rzgreansceven 7 | EEE B

CAL POLY, 5L0O

L [
= LTS
DEVELOPMENT HEADER AND RF TEST POINTS

=

z

Figure 133: ISIR Annotated Top Layer

The layout of a mixed-signal and RF PCBA is absolutely critical to its final performance;
many routing guidelines must be properly executed to ensure functionality. The following
is a list of considerations that were taken into account during layout of the PCB:

e Power Distribution and IC Decoupling

e Switching Regulator Layout

e RF Layout and Characteristic Impedance

e Oscillator Layout

e PCB Layer Stack-Up

e EMI Reduction

Figure 134 shows the final layout for the TPS63020 switching regulator configured

for 3.3V output. The layout recommendations from the datasheet were referenced, but

the layout example reproduced in Figure 135 could not be implemented due to space
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constraints. The inductor, capacitors, and feedback resistors are located as closely as
possible to the regulator IC as possible to conserve space and minimize noise. The
feedback resistor return path was carefully routed through the IC ground pin and into the
thermal belly pad of the IC where it is connected to ground at a single point. It is
important that the feedback return path is clean of any switching return current from the
IC, inductor, and filtering capacitors. The thermal belly pad of the IC has as many vias
that the design would permit to provide a low thermal impedance path to the ground
plane. The 5.0V switching regulator circuitry layout is similar to the 3.3V regulator with

minor component placement differences.

OOOOOUOO

Figure 134: 3.3V Switching Regulator Layout
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10.2 Layout Example

L1

EN
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Figure 135: Switching Regulator Datasheet Layout Example [47]

Figure 136 shows the layout of the transceiver, crystal, oscillator, level translators,
balun, and additional circuitry. The PCB layout description from the AT86RF233
evaluation board hardware user manual was referenced for digital and analog grounding
of the transceiver, RF connection, and oscillator layout; snapshots from the application

note are shown in Figure 137 and Figure 138. [60]

Figure 136: Transceiver Layout
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Figure 137: Atmel AT86RF233 Ground Connection Layout Recommendation [60]

Figure 138: Atmel AT86RF233 Crystal Layout Recommendation [60]

Figure 139, Figure 140, and Figure 141 show the layout for the LNA, power
amplifier, RF switches, and RF connectors. The datasheets, application notes, and
evaluation board layout for each device was referenced during the layout and
recommendations were implemented as practical within the board’s space constraints.

The components are extremely crowded and packed as closely as possible.
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Figure 140: Power Amplifier Layout
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Figure 141: RF Switch and RF Connector Layout

Figure 142 shows the top layout of the board with RF traces colored red, ground

connections colored gray, the 3.3V power net colored pink, and 5.0V colored purple.
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Figure 142: PCB with Highlighted Traces: RF = Red, GND = Gray, 3.3V = Pink, 5.0V

= Purple
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Stackup information from the PCB fabricator’s website was utilized to calculate the
appropriate RF trace width to achieve 50 Ohm impedance. The information from the
website is reproduced in Figure 143, which shows the four layer stackup utilizes two
sheets of 2216 pre-preg between the top copper foil and 2™ layer. The thickness of the
pre-preg varies depending on the amount of copper material remaining on the two layers
being bonded. The table shows the approximate pre-preg thickness for 30% and 70%
copper utilization, these numbers were used to estimate the height between the top layer
and the ground plane.

The resulting estimated PCB stackup is shown in Table 17. The stackup
information was then inputted into the free Saturn PCB Design tool program to calculate
the required width for 50Q microstrip impedance as shown in Figure 144. The resulting

trace width of 16.1 mils was used for the RF traces on the PCB.

0.062" 4 Layer

10z Cu - all layers

062"
+-10%

.040” Core

B C D E E Q H
Against core Against core Against core Against core Against core Additional
with .5 oz with 1 oz with 1 oz with 2 oz with 2 oz plies that are
pper and pper and pper and pper and pper and | Against the top| not directly
plane utilizing | signal traces | plane utilizing | signal traces | plane utilizing | and bottom against
70% of the | utilizing 30% of | 70% of the | utilizing 30% of | 70% of the pper layers d
board area the board area board area the board area board area (foil). layers
22 1.5 20 0.5 1.5 2.3 2.1
28 2.1 26 1.1 22 3.0 2.7
3.7 3.0 35 20 31 3.9 3.5

4.9

48|

6.8

52|

Figure 143: Advanced Circuits 4 Layer PCB Stackup and Prepreg Thicknesses
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Table 17: PCB 4 Layer Stackup

Conductor Impedance
Conductor Width (W)
16.1
Conductor Height (H)
9.8

P ET)

mils

mils
—siumo

T/H = 0.143

Zo

Formula Restrictions:

0.1 < W/H < 3.0
T/H < 0.25

LAYER THICKNESS (mils)
COPPER 1: SIG/RF 14
PREPREG SHEET1 5.1
PREPREG SHEET?2 4.7

COPPER 2: GND 14
CORE 39
COPPER 3: PWR 14
PREPREG SHEET3 4.7
PREPREG SHEET4 5.1
COPPER 4: SIG 14

Base Copper Weight
0.250z
0.50z
9@ 1oz
1.50z
20z
2.50z
3oz
4oz
S0z

Plating Thickness
9 Bare PCB
0.50z
loz
1.50z
Passive Circuits
@ Microstrip
Microstrip Embed
Stripline

=

50.1071 Ohms
Lo

7.1753 nH/in
Co

2.8579 pF/in
Tpd

143.1999 ps/in

Stripline Asym
Dual Stripline
Coplanar Wave

Information

Units
@ Imperial
Metric

Substrate Options

FR-4 STD A
Er
4.6 130
Temp Rise (°C)

20

-
Ambient Temp (°C)

22

[ E—

Print

E PCEB DESIGN, INC
Tumkey Electronic Enginaering Solutions

Il in 2"

Total Copper Thickness VIA Thermal Resistance
1.40 mils 179.2678 Deg C/Watt

Conductor Temperature VIA Voltage Drop
Temp in (°C) =N/A N/A
Temp in (°F) =N/A

Figure 144: 50 Ohm Microstrip Trace Impedance Calculation by Saturn PCB

Design Tool

To prevent the top layer ground plane flood from affecting the trace impedance,

the ground flood was kept 40mils away when possible. The rule of thumb is to keep the

copper pour four dielectric thicknesses away to reduce parasitic effects.

Component dimension information was also inputted during the layout which is

shown in Figure 145 and Figure 146. This model allowed confirmation of adequate
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clearance between the components and the RF shield case as well as clearance

between components.

Figure 145: PCBA 3D Model with Component Height Information

Figure 146: PCBA 3D Model with Shield Installed, Confirming no Mechanical

Clearance Issues

Several days were dedicated to double checking the schematic, footprints, pinouts,
connector orientations, and layout which resulted in several mistakes being caught and
corrected prior to the board being ordered. It is important to double check all the details
within a design before it is fabricated, because physically troubleshooting and correcting

the mistakes on the finished board consumes much more time than performing the
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proper due diligence. The PCB was also fit checked and inspected prior to assembly as

shown in Figure 147.

|

Figure 147: PCB Fit Check Prior to Assembly
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7 PCBA Bring Up and Testing

7.1 Initial Bring Up and Troubleshooting

The PCBAs were visually inspected under a microscope for assembly issues upon
reception. The four PCBAs passed visual inspection with no visible issues. A multimeter
configured in continuity measurement mode was used to confirm no shorts present
across the power nets and ground and no shorts across a random selection of
capacitors. Next was the smoke test; the board was powered from a benchtop power
supply configured at 4.0V with a 100mA current limit. The board drew 6mA indicating no
major short present on the board. The power nets were then measured with a voltmeter
to confirm the 3V3 and 5VO0 regulators were operating nominally. The crystal was probed
with an oscilloscope to confirm oscillator activity at the AT86RF233 transceiver.

The evaluation processor board reads the SPI EEPROM for configuration settings
prior to communication with the transceiver. The EEPROM data from the evaluation
board was extracted using the Aardvark USB to 12C/SPI hardware developed by
TotalPhase. The Aardvark Flash Center software was utilized to extract the EEPROM
data and to program a modified version to the ISIR. Figure 148 shows the ISIR
EEPROM being programmed by the Aardvark and Figure 149 shows a screen capture of

the Flash Center software reading the EEPROM data from the evaluation board.

Figure 148: Flashing the ISIR EEPROM with Modified Configuration File
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Figure 149: Aardvark Flash Center EEPROM Programming Software

After programming the ISIR EEPROM, the ISIR and evaluation processor board
were connected and interfaced to a laptop. A partner evaluation board was also set up
and a packet error rate test between the ISIR and the evaluation board was successful
utilizing the evaluation software. Figure 150 shows the initial communication test
between the evaluation board and the ISIR. This test confirmed that the transceiver,
buffers, and regulators were functional. The test also confirmed the evaluation connector
pinout was correct and that the software present on the evaluation processor board

worked with the ISIR.

Figure 150: ISIR and Evaluation Board Initial Communication Test
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7.2 Balun AC Coupling Issue

After initial bring up of the board, the transmit power from the AT86RF233
transceiver was measured utilizing the coaxial switch test point placed after the
transceiver. The transceiver was configured for an output of 4dBm, but the output power
measured -1.7dBm after accounting for cable loss; the transceiver was transmitting 6dB
less than expected. The only device between the transceiver and test point was the
balun and AC coupling capacitor. The AC coupling capacitor was shorted out and the
issue remained, therefore the issue was with the balun. After consulting the datasheet
for the AT86RF233 and balun, it was discovered that the balun was not AC coupled
between the bias and the balanced input pins. Therefore the DC bias at the transceiver
output pins RFP and RFN was being shorted to ground through the balun bias pin.

Figure 151 shows an annotated snippet of the schematic with the areas missing the AC

coupling capacitors circled.

| I

XTALT XTAL2 ;g CoecR
W o ® 8] 8 I
3 g 8 8 32 3 RIAAAALDD TX_SEL
: 2 o E E R27 R31 R145 4 4 0
B w w J
201 a = = 100k = 100k > TX_SEU
1 sie_TR oGt |5 r 0201 r 0201 missing coupling™
g 10
RST DIG2 [ £ L
N 22 DIG3 5 ) EN50100AHF  CAPS c26
>— 1
9 4 BALZ  BIAS —t
g 23: 5 = ci22 c 04
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Figure 151: Balun Coupling Capacitors Missing, Annotated Schematic
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The balun was then removed using a microscope and SMT hot-air gun rework station.
The traces to the balun were cut using a Xacto knife and two 22pF, 0201 capacitors
were soldered across the two cut traces. Figure 152 shows the reworked transceiver to

balun interface with the added capacitors.

Figure 152: Reworked Board with Balun Coupling Caps Added

The balun and C122 decoupling capacitor were then replaced and the transceiver output
power was re-measured as 3.5dBm which matched the configured output power of

4dBm minus the balun insertion loss of 0.6dB.

7.3 TCXO Voltage Divider Issue
During receive sensitivity testing, the crystal was swapped with the TCXO to
evaluate whether the TCXO improved receive sensitivity. However, the receive
sensitivity significantly degraded when the TCXO was connected. The TCXO output was
then observed on an oscilloscope to be significantly smaller than expected. The TCXO

had a resistive divider on its output to level convert the 3.3V oscillator output to 521mV
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amplitude; however the measured amplitude was below 20mV. The AT86RF233
datasheet specifies a parasitic capacitance of 3pF at the XTAL1 oscillator input pin, and
it turns out that the impedance of 3pF at 16MHz is 829Q which is significantly smaller
than the 21kOhm resistor in parallel from the divider. Therefore, a capacitive voltage
divider was more appropriate for level translating the output of the TXCO. Figure 153

shows the annotated schematic snippet of the TCXO voltage divider.

Oscillator Should be capacitor divider

R15 133K R25
DNP 1% DNP
3v3 r_0201 r_0201 r_0201
T 3

AN ; 4 v out Qe
c7 R19 R23
1uF 1 2 21k
c_0201 EN GNDIF 1%
= 10k 010 = r_ 0201

r 0201 ECS-2532HS-1603-G =

Figure 153: Oscillator Voltage Divider Issue, Annotated Schematic

R21, R23, and R25 were iteratively changed while observing the output of the
TCXO on an oscilloscope and performing a packet error rate test with an evaluation
board. The values that gave the best receive sensitivity and reduced ringing were R21 =
1.2pF, R23 = 10pF, and R25 = 270 Ohms. After resolving this issue, the TXCO and

crystal produced identical receive sensitivity measurements.

7.4 Antenna Selection Switch Issue
The final RF switch did not perform transmit and receive switching as intended,
which was immediately apparent after looking that the schematic. Figure 154 shows the
switch which does allow selection of an antenna, but it does not perform the required
transmit and receive switching between the LNA and PA during communication.
Therefore, one RF connector was configured as always transmit and the other always

receive. This issue could not easily be resolved through physical modification of the
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board and must be corrected in a second board revision. However, testing could

continue by merely using one RF port for receive and the other for transmit.
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R51 J3
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13pF NT1 1
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RF Switch
IL = 0.8dB

RS0 1 0402 < R54
DNP pnp |

Missing TX/RX switching

Figure 154: Antenna Selection Switch Issue, Annotated Schematic

7.5 Receiver Desensitization Issue

During initial receive sensitivity testing, the ISIR was found to perform 15dB worse
than the evaluation board. 15dB is a significant difference, so mismatch loss from an un-
tuned LNA was ruled out and a noise issue was suspected. The 3.3V and 5.0V switching
regulators were bypassed with a benchtop supply to see if the switching noise was the
cause of the issue. Surprisingly, the receive sensitivity degraded by an additional 10dB
when powered by the benchtop supply.

Next, the LNA was bypassed and the transceiver’s receive sensitivity was directly
measured using the coaxial switch test point in front of the transceiver. The issue still
occurred when connected directly to the transceiver; therefore the noise was interfering
with the transceiver. The analog voltage rail 0Q series resistor was replaced with a large
ferrite, manufacturer part number MPZ 2012 S601A, and the issue was resolved. With
the ferrite in series with the transceiver’s analog voltage rail, the receive sensitivity

matched the evaluation board. Another ferrite was placed in series with the LNA voltage

151



rail as well, but the receive sensitivity did not improve; therefore the LNA did not require
a ferrite in series with its power supply. The baseband circuitry internal to the transceiver
was probably jammed with noise on the 3.3V power net emitted by activity from nearby
digital circuits and the ferrite filtered out the noise. Figure 155 shows the schematic and
where R152 is replaced by a ferrite bead. R152 was intentionally placed in the

schematic for the possibility of this issue.

- - SV
w3 w3 2Zigbee Transceiver
Add ferrite o
1uF
R153 R152 c70201|
0 0 ava va =
r_0402 r 0
C15 C20 R24 R28
1uF 1uF 100k 100k
[ c o201 c_0201 r_0201| r_0201
— 1oV — 10V R14 0 .
R147, 0
XTAL1 XTALZ gg
W oo w g 2 L

R27 R31
100k 2 100k
DIGH ?o r_0201| r_0201

Figure 155: Ferrite Required on Transceiver Analog Power Net, Annotated

XCVR_

Schematic

7.6 RF Leakage Issue
It was extremely difficult to isolate the transmitter and receiver during receive
sensitivity testing. The problem of RF leakage was first encountered during receive
sensitivity testing of the evaluation board and was discussed in: “4.5.1 Evaluation Board
Receive Sensitivity Measurements.” Due to RF leakage between the two boards, the
receiver will receive the transmitted signal regardless if the receiver has an antenna or is
terminated with a 50Q load. The ISIR transmits at a power 30dB greater than the

evaluation board; therefore the leakage issue was more difficult to overcome. Several
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weekends were spent attempting to adequately shield the receiver and transmitter so
that receive sensitivity testing could be performed.

Figure 156 shows a faraday cage constructed from a cardboard box and copper
mesh. This faraday cage was adequate for receive sensitivity testing the UHF board at
400MHz, however it provided very little shielding at the ISIR frequency of 2.4GHz. The
copper mesh box has poor gasketing between the lid and the walls which probably
created large enough gaps in the faraday cage to allow 2.4GHz signals to pass right

through.

Figure 156: Faraday Cage Constructed from Box and Copper Mesh Material,

Inadequate Shielding

A second box shown in Figure 157 was constructed out of aluminum foil.
Measurements showed that this box provided no shielding at all and was worse than the
copper mesh Farday cage. The receiver was placed in the aluminum foil box and then
the copper mesh box, but the RF leakage issue still persisted. The transmitter was also
put in the shields with the receiver outside, but that also provided inadequate isolation.

Different value attenuators were placed in series with the coaxial cable inside and
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outside the box, but no configuration of the boxes or attenuators provided adequate
isolation between the transmitter and receiver. The transmitter and receiver were moved
as far apart as possible but the issue persisted, even with the transmitter and receiver in

different rooms or different floor levels.

Figure 157: Faraday Cage Constructed from Box and Aluminum Foil, Inadequate

Shielding

A third faraday cage was then implemented using metal paint cans as shown in
Figure 158. Both the transmitter and receiver were shielded within the metal paint cans
with fixed attenuators between the radio and the lid pass-through. The paint can lids
were drilled and USB, power, and SMA pass-throughs were soldered through the lid
while keeping openings as small as possible. Figure 159 shows the ISIR, USB adapter,

power, and coaxial cable passed through the paint can lid.
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Figure 159: Paint Can Faraday Cage Lid with Pass Throughs

Initially, the paint can faraday cages did not provide adequate attenuation. A
coating on the rim of the lid had to be sanded away to provide electrical continuity

between the can and lid. The lid had to be aggressively formed against the can with a
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screw driver handle each time the lid was replaced to provide adequate contact between
the lid rim and the can; simply hammering the lid into the can resulted in too large of
gaps and RF leakage. Ultimately, after a few weekends of frustration, the RF leakage
issue was resolved with the paint can faraday cages and receive sensitivity testing could

be performed.

7.7 2000kbps Packet Drop Issue

During receive sensitivity testing the packet error rate at 2000kbps was non-zero
regardless of the attenuation between the transmitter and receiver. The evaluation
boards also experienced the same issue, which indicated the issue was not from the
ISIR design. This issue was accidently overlooked during the original evaluation board
testing and it is unknown how a -87dBm measurement was obtained at 2000kbps.
Around 5% of packets are dropped during the 2000kbps receive sensitivity test
regardless of attenuation. After consulting the AT86RF233 datasheet, it was discovered
that the receiver sensitivity control RX_PDT_LEVEL register value should be set to a
value of 1 to achieve the -88dBm receive sensitivity at 2000kbps as shown in Figure 160.
However, the evaluation software only allows modification of the transmitter’s register
settings. The receiver’s register settings cannot be modified during the packet error rate
test. Therefore, the 2000kbps packet drop issue was not resolved and needs to be

investigated further once software is written for the ISIR.
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11.3.5 High Data Rate Mode Options
Receiver Sensitivity Control

The different data rates between PPDU header (SHR and PHR) and PHY payload
(PSDU) cause a different sensitivity between header and payload. This can be adjusted
by defining sensitivity threshold levels of the receiver. With a sensitivity threshold level
RX_PDT_LEVEL > 0 (register 0x15, RX_SYN), the receiver does not receive frames
with an RSSI level below that threshold. Under these operating conditions the receiver
current consumption is reduced to 11.3mA, refer to Section 12.8 parameter Irx_on_Lo-

Enabling receiver sensitivity control with at least RX_PDT_LEVEL = 1 is recommended
for the 2000kb/s rate with a PSDU sensitivity of -88dBm. In the case of receiving with
the default setting of RX_PDT_LEVEL, a high data rate frame may be detected even if
the PSDU sensitivity is above the received signal strength. In this case the frame is
rejected.

A description of the settings to control the sensitivity threshold RX_PDT_LEVEL
(register 0x15, RX_SYN) can be found in Section 9.1.4.

Figure 160: Receive Sensitivity Control Register for 2000kbps, AT86RF233

Datasheet Excerpt [28]

7.8 ISIR PA Tuning and Transmit Power Measurements

Without any modifications to the board, the transmit power outputted by the ISIR
measured around 30dBm, which is 3dB less than the 33dBm design target. However,
this was expected due to the layout differences compared to the power amplifier
evaluation board. It was expected that the passive component values of the tuning
networks needed to be slightly modified to obtain maximum transmit power. However,
the power amplifier tuning resulted in much more labor than anticipated, consuming
about 4 weekend’s worth of time. 2.4GHz is within the transition frequency range where
lumped components are typically replaced with transmission line equivalents.

Capacitors and inductors are no longer well behaved in matching networks at high
frequency due to the required low values and parasitic effects. Capacitance changes on
the order of 0.1pF and a capacitor’s effective series inductance on the order of 1nH
considerably affects the match. The transmission line length between components also
introduces non-negligible phase shift of the signal and must be accounted for when

calculating the passive component values.
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At first, a Smith chart approach was attempted, but this approach was later
deemed ineffective due to component parasitic effects at 2.4GHz. Figure 161 shows the
power amplifier S11 measurement with the original input matching circuit; the power

amplifier input is well matched at 2.75GHz instead of the desired 2.4GHz.

$11 REFLECTION { | 11
CHNL REFERENCE PLANE

8.0000 nnm
LOG HAGNITUDE REF=0.000 i Ll
!

Figure 161: Power Amplifier Input S11

The input matching network values were slightly tweaked, but the S11 null could not be
improved toward 2.4GHz. The input matching network was then completely removed
and series components replaced with solder shorts. Figure 162 shows the Smith Chart

measurement with the input matching network removed.
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Figure 162: Power Amplifier S11 Smith Chart, Matching Network Removed

Figure 163 shows using Smith Chart freeware to calculate component values to
match the input of the power amplifier using the VNA measurements. However, using
the calculated component values did not provided the calculated match as shown in
Figure 164. The transmission line lengths and approximate component parasitics were
also accounted for in consecutive calculation attempts using the Smith chart software
with no success. After a few weekends of researching and re-attempting matching the
power amplifier input, no improvement could be achieved. The effect of simply placing
one series component such as a coupling capacitor could not be predicted using the
Smith chart software due to the uncertainty of the capacitor and the layout’s parasitics.
The parasitics could be modeled in advanced EM analysis microwave software by
importing the layout into the software and obtaining passive component models from the
vendors, however time did not permit this approach. Eventually, the Smith chart

approach was dismissed in favor of an iterative approach.
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Figure 163: Smith Chart Software Used for Matching Power Amplifier Input
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Figure 164: Resulting Power Amplifier S11 using Smith Chart Software Values, Not

Matched

Figure 165 shows the power amplifier circuitry prior to tuning for maximum transmit

power. The three-stage amplifier has four matching networks: input, stage 1 output,
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stage 2 output, and stage 3 output these are shown as different colored boxes in the

figure.

l.-- ‘
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Figure 165: Power Amplifier Circuitry before Tuning, Matching Networks Indicated

The values of these components were iteratively varied while monitoring the resulting
output power of the amplifier, usually starting with the last component in the network and
moving toward the source. A Smith chart was referenced during the matching to gain
insight into how the component was affecting the match and how the next component
completed the match, but the Smith chart ultimately could not predict the final value.
Over the course of 3 weekends, 368 iterations were performed to achieve
maximum transmit power. Each iteration took approximately 5 to 10 minutes to change a
component value, energize the board, command transmission, and measure the result.
Figure 166 shows a snapshot of the excel sheet utilized to track iterations and resulting

S21 measurements; the figure shows 35 of the 368 iterations. Table 18 shows the final
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matching network component values to obtain 33.4dBm output from the amplifier after
accounting for cable loss and output series component loss. Figure 167 shows the final
output power measurement with 10.46dB cable attenuation. Accounting for the
theoretical 1.65dB component insertion loss after the amplifier, approximately 33.4dBm
is output from the amplifier.

However, the amplifier should be capable of outputting 34.5dBm. This 1dB
difference in output power is most likely due to non-optimal tuning or some unaccounted
loss. The characteristic impedance of the traces was not well controlled and was
calculated based off of unverified stack-up best guess assumptions from the
manufacturer’'s website. The layout is also highly compressed compared to the
evaluation board due to space constraints which may have introduced non-negligible
leakage paths. The dielectric is FR4 which is somewhat lossy at 2.4GHz, but not lossy

enough to fully account for the 1dB difference.
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Figure 166: Iterative/Empirical Power Amplifier Tuning Excel Sheet Snapshot

(Iterations 206 through 241 of 368)
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Table 18: Final Power Amplifier Tuning Values

Input Stage 1st Stage 2nd Stage Output Stage
L2 C35 C38 L1 C30 Cc37 C34 L3 Cc42 Cc40 L5 C45 C46 ca7 C50
Type Serial Shunt Serial Biasing Shunt Shunt Serial Biasing Shunt Serial Biasing Shunt Shunt Serial Shunt

Value 2.4nH 0.6pF SHORT 22nH

o%F

Mkrl 2.45010 GHz
Ref 10 dBm *Atten 20 dB 6.293 dBm
*Avg
Y Log
1

dB/

Center 2.45 GHz . Span 10 Mz
*Res BHW 30 kHz +*VBN 300 kHz Sweep 17.63 ms (401 pts)

Channel Power Power Spectral Density

21.14 dBm /2.3000 MHz -42.48 dBm/Hz

Figure 167: Final Output 31.8dBm Power Measurement (10.64dB Series

Attenuation)

Figure 168 shows the measured board output power after subtracting measured cable
loss from the measurement. The transceiver output power setting is varied from -17 to

4dBm to demonstrate the gain of the amplifier and compression above -5dBm.
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Figure 168: ISIR Transmit Power versus Input Power Register Setting

7.9 ISIR Receive Sensitivity Measurements

The ISIR receive sensitivity was measured using the same method of measuring
the evaluation board receive sensitivity described in “4.5.1: Evaluation Board Receive
Sensitivity Measurements.” However, at the time of this receive sensitivity testing, the
same lab and hardware used in the evaluation testing was not available, so the
evaluation board receive sensitivity was re-measured for a direct comparison without
concern about measurement equipment differences.

The ISIR receive sensitivity testing was performed after tuning the amplifier to
maximum transmit power. The receiver and transmitter were placed in paint can Faraday
cages and connected with coaxial cable with a variable attenuator placed in-between. A
packet error rate test was continuously performed between the radios while increasing
the attenuation. Once the packet error rate reached around 5%, the input to the receiver
was disconnected and connected to a spectrum analyzer for power measurement.

Figure 169, Figure 170, and Figure 171 show the transmitter and receiver within the
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Faraday cages connected across the lab with coaxial cable and variable attenuator in

between.

Figure 170: Receive Sensitivity Test Setup: Transmit Radio
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Figure 171: Receive Sensitivity Test Setup, Coax Cable Run

Figure 172 shows the noise measurement of the spectrum analyzer with no signal
at its input. The spectrum analyzer is configured in a channel power measurement mode
for measuring the power within the 2.3MHz signal bandwidth. The resolution bandwidth
was reduced to 10kHz and pre-amplifier was enabled to provide the most sensitive
measurement possible. However, the noise introduced by the spectrum analyzer into the

measurement was still non-negligible and had to be subtracted from the receive

sensitivity measurements.
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Agilent 17:09:23 43,

Ref -95 dBm_ *Atten 0 dB

*Avg |

Center 2.33 GHz

*Res BW 10 kHz Span 3 MHz

SWeep 47.59 ms (401 pts)

C
hannel Power Power Spectral Density

-99.22 dBm /2.3000 MHz -162.84 dBm/Hz

Figure 172: Spectrum Analyzer Noise Measurement (No Signal)

Figure 173 shows the signal measurement for the receive sensitivity at 500kHz as -
93dBm. At this power level, the receiver decoded packets at an error rate of 6%.
Subtracting the previously measured noise introduced by the spectrum analyzer results

in a calculated receive sensitivity of -94dBm.
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i Agilent  20:50:09

Ref -90 dBm #Atten 0 dB
Vg | Lol MO S

dB/

| el A TV I N

Center 2.33 GHz Span 5 MHz
| sRes BH 30 kHz *VBH 300 kHz Sweep 8.813 ms (401 pts)

Power Spectral Density

Channel Power

-93.02 dBm /2.3000 MHz -156.64 dBm/Hz

i
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Figure 173: 500kbps Receive Sensitivity Measurement

The receiver sensitivity test was performed between two Intrepid S-Band ISM
Radios and the sensitivity was recorded at the four data rates: 250kbps, 500kbps,
1000kbps, and 2000kbps. The same test with identical setup and hardware was
performed with two evaluation boards for direct comparison. The results are shown in
Table 19. The 2000kbps receive sensitivity measurement should be ignored due to the
packet drop issue described in “7.7 2000kbps Packet Drop Issue.” The evaluation board
performed worse in this test setup than the initial evaluation board testing; it is
hypothesized that RF leakage was not as adequately shielded as hoped during the
previous testing.

The ISIR outperformed the evaluation board receive sensitivity by 2.8dB, 0.9dB,
and 1.5dB at data rates 250kbps, 500kbps, and 1000kbps respectively. However, the
sensitivity measured 2 dB worse than stated in the datasheet. The LNA should have
theoretically provided a 2.36dB improvement over the evaluation board, and this is

approximately true.
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Table 19: Receive Sensitivity Test Results: ISIR compared to Evaluation Board

*Poor 2000kbps sensitivity due to software configuration issue, see 7.7

Date | 7 | eas. signal | New, &4 | x| X | patashes
(kbps) | () M my | Gy | @em) | @B
250 1% -96.2 -99.22 -99.1 -96.3 -101
500 6% -93.0 -99.22 -94.2 -93.3 -96
1000 4% -91.3 -99.22 -92.1 -90.6 -94
2000* 5% -81.5 -99.22 -81.6 -83.4 -88
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8 Future Work

A second revision of the Intrepid S-Band ISM Radio is warranted to correct the
issues discovered in the first revision. Further development of this radio depends on the
funding available and upcoming CubeSat missions. With appropriate funding, the
designer can afford to control the stackup and dielectric of the board for improved
characteristic impedance and less loss. The protection circuitry should also be fully
tested prior to development of the second revision. After embedded software
development for the ISIR has matured, the evaluation connectors can be removed from
the second revision. The profile of the board can be reduced with the loss of the large
evaluation headers. The board’s interface can be modified to match the needs of the
mission. The second revision should also incorporate an improved thermal path between
the amplifier and satellite structure and thermal radiator.

Prior to additional development, a noise survey at Cal Poly should be conducted to
confirm the presence of a frequency within the ISM band with minimal interference, such
as the survey performed in Irvine in “4.2 ISM Noise Floor.” Development of an S-Band
CubeSat antenna must be completed. The antenna could either be a simple patch
antenna or a deployable dish depending on the desired mission data rate. A 4.5 meter or
larger dish with a 2.4GHz circular feed horn must be added to the PolySat Earth Station
for adequate gain to complete the satellite link. The same dish with different feed horns
could be used in the future for higher frequencies as more complex, higher data rate
radios are developed. The future work outlined above could easily provide work for four
or more student theses or senior projects; the future work is re-stated below as a

bulleted list:
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S-Band Future Work:

e 1% revision remaining testing

O

O

Amplifier protection circuitry

Compare power consumption measurements to estimates

o Embedded software development for System Board microprocessor

e 2" Revision ISIR PCBA Design

O

Correct issues discovered during 1% revision testing

Remove evaluation board development headers and EEPROM

Tailor radio dimensions for specific mission and current bus architecture
Incorporate thermal path between amplifier and regulator to satellite

thermal sink

¢ High-gain satellite antenna design

O

Deployable high gain antenna recommended

¢ Ground Station upgrades

O

O

O

ISM S-Band Noise survey
Add 4.5 meter dish with circular 2.4GHz feed horn to Cal Poly ground
station

Transceiver selection, power amplifier, mast-mounted low noise amplifier
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9 Summary and Conclusion

The Intrepid ISM S-Band Radio (ISIR) for the PolySat System Board was

successfully designed, fabricated, tuned, and tested. The final specifications for the

Intrepid S-Band ISM Radio (ISIR) are as follows:

Table 20: Intrepid ISM S-Band Radio Final Specifications

ISIR Final Specifications

Frequency Range

2.322 t0 2.527 GHz,
500kHz channel spacing

Channel Bandwidth

2.3MHz Spread Spectrum

Modulation

0-QPSK

Protocol

ZigBee

Data Rates and Receive Sensitivity
(within 2.3MHz bandwidth)

250kbps: -99.1dBm
500kbps: -94.2dBm
1000kbps: -92.1dBm
2000kbps: TBD

Maximum Transmit Power

31.8dBm (1.5W)

Receive Mode Power Consumption 90mW (Estimated)
Transmit Mode Power Consumption 6.9W (Estimated)
Digital Interface SPI
Doppler Tolerance or Correction +/- 100kHz

Capability

Physical Dimensions

Intrepid Daughter Board B, 1.4” x 3.3”

Temperature Range

-40 to 85 C (Industrial)

Additional Features

o Amplifier Protection

e Transmit and Reflected Power
Measurement

e DC Power and Temperature
Measurement

e Dual Antenna Diversity Support

e EEPROM for Unigue Board Info

FCC frequency restrictions will require missions with this radio to operate within

2400-2483.5 MHz ISM band with high terrestrial interference, however measurements

demonstrate that surveying the ground station location and carefully selecting quiet nulls

within the ISM band can eliminate interference to thermal noise levels. With further

student future work and appropriate funding, a high-data rate CubeSat ISM S-Band

communication can be implemented by the Cal Poly PolySat lab to support future higher

data throughput missions.
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