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LPRF Signal Chain Example

Achievable Range very dependent of the
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Packet Format

Link Budget = Difference Between Transmit Power and Receive Sensitivity
Minus additional losses (antenna gains, obstructions, fading, etc)
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Radio Range: Link Budget

 Link budget = Output power — Sensitivity + Antenna- Propagation Loss
(Ext PA/LNA has to be added to the equation if used)
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Power

XdBm - ————=— —

* dBm — power referred to 1 mw
P4em=10log(P[W]/1mW)
« dBc - power referred to carrier 20 dBe

 Rules of thumb:
— 3dB increase = double the

X-20dBm - — — — — — — ——

power 2o\d(B
. ] bandwidth
— 6dB Increase = twice the |
range

(in theory = in free space! )

13 TEXAS
INSTRUMENTS




Example FCC maximum transmit power

FCC - SRD Regulations

902 - 928 MHz band
FCC 15.249, Single channel

FCC 15.247, Spread Spectrum
FHSS - Frequency Hopping Spread Spectrum
Digital Modulation (e.g. DSSS - Direct Sequence Spread Spectrum)

Output power [dBm]

+30.0
+24.0

-1.23

Frequency [MHZz]

902 928
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External Power Amplifier to Improve Output Power

« Power Amplifier (PA) is the last stage in a transmitter path. PA increases the output RF

power to the desired level.

« Consumes most power in RF transceivers. (Usually a single transistor)

* PAs can be classified in two different categories:
— Linear Amplifier: capable of transmitting non constant envelope signal (AM, QAM etc..)

— Non linear Power Amplifier: Only capable of transmitting constant envelope signal (FSK, FM, PSK).

CcC2420

RF_P

Reference Design

TXRX_SWITCH

RF_N

BALUN

TX/RX Switch

TX path

X
AV
LP filter

Control
logic and
bias
network

RX path

TX/RX Switch

AN

SWRAO056

Figure 1: Schematic overview of CC2420 with external PA

Link budget = Output power — Sensitivity + Antenna- Propagation LoSs

I
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Power Amplifier (PA) Specifications: Output
Power

* The Output Power is the power delivered to the antenna
and is defined as: P = V;s*lims = (Vims )% /50 ohms

* The PA specifications include Output Power, Efficiency,
Linearity, Gain, Output Spurs, and Control
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Transmitter Parameters

Key RF transmitter parameters

Output power

PARAMETER TEST CONDITIONS MIN TYP MAX| UNIT
*  Occupied bandwidth Delivered to a single-ended 50-0 load through a balun using 0 s g
Nominal output power maximum-recommended output-power setiing 8 ’ 10 dBm
* Adjacent channel power [1] requires minimurm -3 dBm
Programmahle output power 32 dB
¢  Spurious emission range _
Spurious emissions Max recommended cutput power aetting{‘-'
Measured conducted 25 MHz-1000 MHz (outside restricted bands) —G0
acoording to stated 25 MHz-2400 MHz (within FCC resiricted bands) —60
regulations. Only largest 25 MHz—1000 MHz (within ETSI restricted bands) —60
spurious emission stated 1800-1900 MHz (ETS! restricted band) 57
within each band. 5150-5300 MHz (ETSI restricted band) 55 4Bm
At 2 = f and 3 = f  (FCC restricted band) - —42
At2 = f.and 3 = f, (ETSI EN 300-440 and EN 300-328)2 -31
1 GHz—12.75 GHz (ouiside restricted bands) =53
At 24835 MHz I?:I"I:Id above (FCC restricted band)
o= 2480 MHz _42
Measured as defined by [1] using maximum-recommended
Error vector magnitude (EVM) | output-power setting 204
[1] requires maximum 35%.
_ ) ) ) Differential impedance as seen from the RF port (RF_P and RF_N) I
a Magritude aror (10 armar mag) Optimum load impedance towards the antenna 69 +j29 0
/t o Emar ctor
?e. e
@f‘
@éﬁ"d’
P ﬁ@@*"
Phase armor { K2 error phass)
|
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ACP and Occupied Bandwidth

Definitions
dBm — power referred to 1 mW
P 4sm=10log(P[W]/1mW)

dBc — power referred to carrier

Adjacent channel power (ACP) is the amount of
energy which falls within a given adjacent channel

A

[
>

‘Channel Bandwidth

Adjacent channel

»

>

Frequency

Occupied Bandwidth

6 dBc

6 dB

bandwidth
|

FCC 15.247: Min 6 dB BW > 500 kHz
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Recelver Parameters

Key RF receiver parameters (example with

CC2500):

Receiver sensitivity
Saturation

Adjacent channel rejection
Alternate channel rejection
Blocking

Spurious emission

PARAMETER TEST CONDITIONS MIN TYP MAX| UNIT
) o PER = 1%, as specified by [1] 97 92
Receiver sensitivity [1] requires -85 dBm _a8 dBm
) ) ) PER = 1%, as specified by [1]
Saturation (maximum input level) [1] requires —20 dBm 10 dBm
) N Wanted signal —82 dBm, adjacent modulated channel at
Adjacent—char_mel rejection, 5-MHz 5 MHz, PER = 1 %, as specified by [1]. 49 dB
channel spacing .
[1] requires 0 dB
) L Wanted signal —-82 dBm, adjacent modulated channel at
Adjacent-channel rejection, ~5-MHz —5 MHz, PER = 1 %, as specified by [1]. 49 aB
P g [1] requires 0 dB
N Wanted signal —82 dBm, adjacent modulated channel at
Altenate channel rejection, 10-Mrz 10 MHz, PER = 1%, as specified by [1] 57 a8
pacing [1] requires 30 dB
L Wanted signal —-82 dBm, adjacent modulated channel at
’;‘é‘;’:‘gicggi’r‘?e' rejection, -10-MHZ | 30 MHz, PER = 1 %, as specified by [1] 57 dB
pacing [1] requires 30 dB
Channel rejection Wanted signal at —82 dBm. Undesired signal is an IEEE
= 20 MHz 802.15.4 modulated channel, stepped through all channels a7 dB
= —20 MHz from 2405 to 2480 MHz. Signal level for PER = 1%. 5T
Wanted signal at -82 dBm. Undesired signal is 802.15 4
Co-channel rejection modulated at the same frequency as the desired signal. Signal -3 dB
level for PER = 1%.
Blocking/desensitization
5 MHz from band edge Wanted signal 3 dB above the sensitivity level, CW jammer, =33
10 MHz from band edge PER = 1% Measured according to EN 300 440 class 2. -33
20 MHz from band edge =32
50 MHz from band edge —31 dBm
-5 MHz from hand edge =35
—10 MHz frem band edge -35
—20 MHz from band edge -34
—50 MHz frem band edge -34
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Sensitivity and Saturation

Input power CC1101
A
Receiver Sensitivity — Data rate
The minimum signal power required by
receiver to successfully demodulate the
received information with less than 1% packet
error rate (PER).
-89 dBm
M 500 kbps
v
v
Saturation -95 dBm
Largest input power level the receiver receive 250 kbps
correctly. v
-112 dBm :0’1802 EE”‘
: ps
-116 dBm 1.2 kbps
0.6 kbps
Dynamic Range = Saturation - Sensitivity
i3 Texas
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Selectivity / Channel Rejection

+ Gives a measure of how good the receiver is at handling interference

Desired signal / Interferer

A
Power 4 Alternate
Adjacent channel
channel rejection/
rejection Selectivity]
[dB] [dB]
v v
Co-channel
rejection
[dB]
Channel Channel R Frequency
separation separation
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Blocking

+ Gives a measure of how good the receiver is at handling interference from a source further
away in frequency

Desired signal / Interferer

Power

Frequency

Y-__

Frequency Offset
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Receiver Example (1)

Desired signal / WLAN

A
Power

Chip A Chip B A

Sensitivity: -100 dbm -97 dBm > MHz
Blocking: 27 dB +/- 5 MHz offset 55 dB +/- 5 MHz offset

Y-

Frequency

Case 1:

The power received from the WLAN is —80 dBm.
Receiver A can receive a —100 dBm signal.
Receiver B can receive a —97 dBm signal.

No degradation in receiver sensitivity.
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Receiver Example (2)

Desired signal / WLAN

A
Power

Chip A Chip B
Sensitivity: -100 dbm -97 dBm ‘
Blocking: 27 dB +/- 5 MHz offset 55 dB +/- 5 MHz offset 5wz ¥ Frequency
Case 2.

The power received from the WLAN is —39 dBm (i.e approx 3 m away from chip
A/B if transmitting at 1 W).

Lowest signal Receiver A can receive is -39-27 = -66 dBm.
Lowest signal Receiver B can receive is -39-55 = -94 dBm.

Receiver B has 28 dB better practical sensitivity.

The wanted signal can be 16 times further away for chip B!
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Questions on dBm and dBc

e How much is 100 mW in dBm?
+20dBm

e How much is 0.1 mW in dBm?
-10dBm

Note: -110 dBm = 1E-11 mW = 0.00001 nW

* Fora 50 ohm load : -110 dBm is 0.7uVrms (2uV p-p) i.e. not much!
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CC2591

2.4 GHz RF Front End

iga’”’gs Part number CC2591
Supply Voltage, V 2,0-3,6
* Highly integrated: internal PA, LNA, switches, balun,
matching network and inductors TX
* Up to 26 dB increased link budget: +20 dBm output power
and up to 6 dB improved sensitivity Output power, dBm 20
» Seamless interface to all Tl Low-Power RF devices Current consumption, mA 112
RX
Gain, dB 10
Noise figure, dB 4,8*
< _(L BALUR RFP Esti di d itivi 11dB NF dio, dB 6
Wl]_o_ _A_O_| stimated improved sensitivity, on radio,
ANT 3 | RXTX )
I LNA Current consumption RX, mA 1,7-3,4
- = RF_N
e ——
5 | PAEN
5| EN Power down current, uA 0,1
15 L7 ] Integrated switch # 2
BIAS HGM
Integrated balun Yes
L Operating temp, C° -40 to +85
i3 TExAs
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Sensitivity

Sensitivity is the minimum signal power required to give an acceptable SNR or BER.

Sensitivity is the product of:
— Channel bandwidth, BW
— Noise figure, NF
— Ambient Noise power, KT
— Acceptable SNR at the demodulator input

Sensitivity (dBm) =-174dBm/Hz + 10log(BW) + NF + SNR

Option for sensitivity Improvement:
— Noise Figure

— SNR

— Channel Bandwidth
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Noise

« Thermal noise Iin the RF channel can be estimated to be

Noise Power : N . =—174+10log(B)
B = Channel Bandwidth

Bandwidth (Hz) Power (dBm)
1 -174
1000 -144
10k -134
1MHz -114
3MHz -109
20MHz -101

N

4 A

Sensitivity (dBm) =-174dBm/Hz + 10log(BW) + NF + SNR
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Noise figure (NF) or Noise Factor (F)

 NF or F is defined as the ratio
of the input SNR to the output
SNR. The NF is usually _ SNR
expressed in dB (decibel), ~ Noise Factor:F ="
while F is expressed as a
numerical number. Noise Figure: NF, =1OIog( ;’I\'\I'R‘” J: SNR;, 45 — SNR.,, 4o

out

out

* |t gives a good way of
evaluating the amount of noise
that a system generates
internally.

SNR e SNR

in out

 NF and F are always greater
than or equal to respectively 0
dBor tol
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Sensitivity Improvement with LNA (Cascade
Noise Figure)

G: Gain; NF: Noise Figure; F=Noise Factor
From the formula we can conclude:
— Noise figure & Gain of the first
stage are very important. Its gain GuNFy, By GyNF,, Fy Gn.NF,, F,
will divide the noise contribution of
the following stages.

— Low Noise stages should always be

— > S, F~~| Sn

the first element of the chain. The [
first element is the main noise F=F, + (F,-1)/G,..... + (F -1
contributor of the chain. 1= F1+ (P 1)/Gy (Fn-1) ?:1 G,

CNA
- - L \
Transceiver Match/filter SW'tC.hvl 4 IVSW itgh ~

CCXXXX
— pun

|:Cc:xxxx B

GLNA

Frow = Funa + Use of External LNA improves Sensitivity
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Example of Cascade Noise Figure (NF)

® o © 2
AR e
7
LNA SAW FILTER .
L=4dB BALUN CCXXXX
NF=1.2dB L=1dB NF = 11dB
G=15dB

NF- = 1dB + 11dB = 12dB

v
NFg = 4dB + 12dB = 16dB Work from last stage to first
—

v
Finat (Fg— 1)/ G ya
1

32 + (39.81-1)/31.62
2.55 g

Sensitivity (dBm) =-174dBm/Hz + 10log(BW) + NF + SNR

J>-n3>-n>-n
i1

Z
Jn
I
B
o
)
Q.
o
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Signal to Noise ratio (SNR)

I Signal

Signal-to-noise ratio (sometime called
Carrier to Noise Ratio), is often written
as S/N or SNR, a measure of signal

strength relative to background noise.

SNR=10 log,4(P</Py): Ps is the signal

level, Py is noise level. SNR is <witch SAW Y
expressed in dB. Tapecewer 4 Maeh o

—]
SNR is characterized as the guality of
the signal and plays a big role in the _
BER (Bit Error Rate) or sensitivity The use of SAW Filter Helps
performance. improve the SNR at the input

of the Receiver especially in a

The higher the SNR, better the quality of noisy environment.

the signal as well as the BER.
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Digital Modulation Types

On-Off Keying (OOK) or
Amplitude Shift Keying (ASK)

Frequency Shift Keying (FSK) or
Gaussian FSK (GFSK) or

Phase Shift Keying (PSK) or
Minimum Shift Keying (MSK)

AN

Freq

INSTRUMENTS




SNR and Modulation Choice

 Digital Modulation choice will trade off complexity, power efficiency, and
bandwidth (spectral) efficiency

1.0E-01._-
1.0E-02 ‘\
1OR03 I \\ SNR = (Ep/No) * (R/BT)
MSK PSK
where:
4 1.0E-04 \\ A\
DBPSK DQPSK /| | \\ Ep= Energy required per bit of information
1.0E-05 COHERENT OOK, OFSK '\ No= thermal noise in 1Hz of bandwidth
U ‘ R = system data rate
1.0E-06 INCOHERENT OOK, OFSK \
| | ’ | | | ‘ B1= system bandwidth
1.0E-07

01 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Ep/No (dB)

PROBABILITY OF BIT ERROR FOR COMMON
MODULATION METHODS

Sensitivity (dBm) = -174dBm/Hz + 10log(BW) + NF + SNR

i3 TEXAS
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FORWARD ERROR CORRECTION (FEC)

Interleaver
White buffer

Interleaver
Read buffer

Packet

FEC
Engine Encoder

ERF

%
%

_)

i
i

— Demodulator

>

Modulator

—

Interleaver
Write buffer

Interleaver
Read buffer

~

.

—

FEC
Decoder

Packet
Engine

FEC and Interleaving

*FEC doubles the data
to transmit
(convolution encoder)

Interleaving helps
spread errors over the
code sequence

*Max Coding Gain =
4.8dB

*Much less for binary
modulation schemes
(2-3dB)

*Coding Gain is
applied to Receive
Sensitivity

13 TEXAS
INSTRUMENTS




Spread Spectrum (IEEE 802.15.4)

, : J O-QPSK |
T Bit-to-symbol » Symbol to Chip Mudulator [
Binary Data _ _ . Modulated Signal
From PPDU Modulation and spreading functions (2Mcps)
(250kbps)
TRANSMIT RECEIVE * For link budget: Noise
FUNCTION m FUNCTION floor is calculated using
baseband before spreadin
: : e P g
Baseband Signal Before Spreading  Baseband Signal Before Processing Enhanced immunity to

Processing Gain :

jammers

o ‘ ) m <JV/ *Enhanced immunity to

) . X Fading

Baseband Signal After Spreading Baseband Signal After Processing
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IEEE 802.15.4-2006 Frequency Allocation

Worldwide Channels:

Fc = 868.3 in megahertz, for k = 0 (Europe)

Fc =906 + 2 (k — 1) in megahertz, fork =1, 2, ..., 10 (US)
and Fc = 2405 + 5 (k — 11) in megahertz, (Worldwide)
fork =11, 12, ..., 26 Where k is the channel number.
NOTE: BPSK with 20kbit/s or 40kbit/s in 868/915MHz,
250kbit/s with PSSS or O-QPSK is optional (802.15.4)

11“12“13“14'15“16“17“18“19'20“21“22“23“24'25“26

2405 MHz -

2410 MHz -

250 kbps

2.0 Mchip/s

O-QPSK

Half-sine pulse shaping
-85 dBm

® & 6 o o
2480 MHz -
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2.4GHz-PHY Baseband Transmission

11011001110000110101001000101110




14

Spread Spectrum Implementation

+ DSSS (Direct Sequence Spread Spectrum)
* Implemented in hardware
* 4 Dbits are coded into 32 chips

Correct chip sequence for nibble = 5:
0011010100100010111210110110011100

Incoming chip sequence (value is 5, but with 8 faulty chips):
Ol 1 10 1100 o000 10110 o 18 ol 1110 0

Nibble Correlation
value | Comparison (EXOR) with all possible chip sequences value
0 1 0 100 1 18
1 1 01 0 16
2 E 01 14
3 0 E 12
4 14
5 0 24
6 0 16
7 14
8 14
9 16
10 14
11 20
12 14
13 12
14 20
15 0 18

i3 TEXAS
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Signal Presence and Quality

« LQI — Link Quality Index
— Metric of quality of received signal
— Values should be used as relative quality

 RSSI — Received Signal Strength Indicator
— Measure of RF power input to the receiver
— Based on gain setting in RX chain
— Frozen when Sync Word is detected

« CCA — Clear Channel Assessment
— Indicates if current channel is free
— Based on RSSI (and set threshold)
— Decision to wait or move to another channel.
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Crystal Tolerance — Sensitivity

XMT RCV
Receiver channel filter BW \\
\ 3 dB degradation in PER
o5 //’ \\_\
A/F 4 oo \\
> o requehcy offsef for 3 dB degradation A
-2-X ppm +2-X ppm offset __\simal er for the|negative pffset g
P % \‘\ ____.-4//
Total error of 4-X ppm = signal bandwidth T T
-120 -100 -80 -60 -40 -20 roeque“cj‘im”k::] 60 a0 100 120 140 160

CC11xx Sensitivity versus Frequency Offset and Crystal Accuracy
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http://focus.ti.com/lit/an/swra122b/swra122b.pdf
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Free Space propagation: Friis
Transmission Equation

2
b _ 1664 029979248 /s
" (4r)°d? T f(GHz)

A= Wavelength in Meters

Pr = Received Power in dBm

Pt = Transmit Power in dBm

Gt = Transmit Antenna Gain in dBI
Gr = Receive Antenna Gain in dBi

R = Antenna Distance in Meters

http://www.learningmeasure.com/cgi-bin/calculators/friis.pl

13 TEXAS
INSTRUMENTS




Friis Equation — Path Loss

2
_RGG, 4 Path Loss,; : L = i =20Log,, A

" (47)%d? &

Assumes Antenna Gains of 1

LOSS (dB)

THEORETICAL RF PATH LOSS (FREE SPACE)
http://lwww.ti.com/litv/pdf/swra046a Sec3.1
120 -~ - - R
¥ - 1T | Important:
-~ | A L7 .
110 , i v 6dB more link budget > doubles
>z T AT | distance
100 - 7 T 1A
,4 e j - pd //
90 — L d A — Half Frequency > doubles distance
P - _g
3 Pig /r p”
80 Ra ) _ _ L.
P A - A 7 Add Additional Loss For:
0 1ZHp" afliiizy v'Antenna
P _ ..
o Z T I A v'Eadin Empirical
> T 7 —— a3 Wz 1 | vObstructions data shows this
/ — z \/ .
0 <l 2.4GH LL Margin —
> y LA = =433 Mrfz—(30dB Margin) || to be 20 4OdB
o == =900 MHz - (30dB Margi
40 A | A —_— '2.4GHZ%(3$OdBMa?g;iE|Jf:;1) -
1 10 100 1000 10000
Learn More:
DISTANCE (METERS) http://focus.ti.com/lit/an/swra046a/swra046a.pdf
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http://focus.ti.com/lit/an/swra046a/swra046a.pdf

Multi Path Fading

Transmit antenna G

Direct transmission
Receive antenna Gy

H1

Reflected transmission H2

A
A 4

Reflection law = 0,=6,
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Practical range estimates open field

Friis free space eqation and gnd model

0 F L L L L L L L L L
20 -
-40 -
€
$ -60 i
o
Free space
-80 -
Ground model
-100 -
_120 C r r r r r r r r r L
0 50 100 150 200 250 300 350 400 450 500
frequency=868MHz H1=H2=0.3m polarisation=Horisontal Er=18 Distance [m]
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Practical range estimates open field

Power [dBm]

Ground model Horisontal polarization

-20 ¢ [

L

Friis
H-Polarization
——+ Sens. level(CC2500@500kbps)

90° [

0 50
H1=H2=1.5m, er=18, freq=2445MHz

100 150
[m]
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Practical range estimates open field

-120

Measured/Simulated
Signal Strength at Different Heights Above Ground

10 20 30 20 a0 Ll [ a0 a0 100
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Path Loss (Indoors)

_PRGG A
ro (472-)2dn <€ Exponent

Measured Path Loss Coefficients and Standard Deviations

Location n n Material Type Loss in dB

Retail store 2.2 8.7 Concrete block wall 13t0 20
Grocery store 1.8 5.2 -

— Moveable wall (cubicle) 14
Office, hard partitions 3 7 :
Office, soft partitions 26 14.1 Window E
Metalworking factory, line of sight 1.6 5.8 Metal foil insulation 3.9
Metalworking factory, obstructed sight 3.3 6.8 Storage rack 4t06

i3 TExas
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1IC

Isotrop

The ideal antenna

RS

3

y

\
|

Half-Wave Dipole
Along Y Axis

Isotropic Radiator

Figure 1.
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Antenna Theory — Antenna Parameters

Important parameters

WaveLength, A. Antenna size for dipole relative to the
wavelength of transmission.

Polarization the direction of the electric field to the
electromagntic wave.

Impedance, Z. A measure of the total opposition to
current flow in an alternating current circuit, made up of
two components, ohmic resistance and reactance, and
usually represented in complex notation.

Bandwidth is the range of frequencies where the return
loss is below VSWR of 2

—h|O

Z=R+iX

BW = 100 ( (FH — FL) / FC)

Efficiency () is the ratio of power in watts actually P

radiated to the power into the antenna terminals n = __rad * 100906
P in
i3 Texas
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Antenna Theory — Max. Power Transfer (VSWR)

Moritz Von Jacobi’'s maximum power theory states that maximum power
transfer happens when the source resistance equals the load resistance.

As impedances are mis-matched, part of the transmitted signal is reflected
back into the source which is the Voltage Standing Wave Ratio (VSWR); the
ratio of the reflected waveform to the transmitted waveform.

Return % Power / Reflection | Mismatch -|

With antenna design: VSWR is a measure of

how well the input impedance of the antenna g1 | eeiss | sm | G
matches the characteristic impedance of the wo | sosamo | oaw | a7
i3 7.4/273 ).273 336
output from the RF network. irﬂﬂ 9.6 /31.6 El.316 458
9.5 11.1 /333 0.333 512
7.4 18.2/429 0.429 .880

6.0 25.1 /50.0 0.500 1.25

5.1 30.9 /55.5 0.555 1.6

. . 4.4 36.3 /60.0 0.600 1.94

Impedance mismatch will reduce 30 | w07/636 | 06% | 225
performance ! 17 | s7eseis | oms | as

0.87 81.9/790.5 0.905 7.4

0.17 96.2 / 98.0 0.980 14.1

.000 100 /100 1.00 =
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Antenna Theory — All Monopole Antennas are Derivatives of Dipole

Antenna Output Power . ]
AC current through X 1 3/2 Dlpﬁle
an inductor lags the w pro UCGSL e mgst f
voltage by 90 o phOWGF at the e'nh SIOI
degrees the antenna with little
power at the feedline.
Current ;
Voltage — | T
Power \:: T~ ) S : ' Antenna
/4 }\’/4 . Feed
_II_ N  s— ;/‘ 1Ground Plane
*1 ;1 :

All monopole antennas are derivatives of a simple dipole where one % wavelength
radiator is in air and one % wavelength radiator is imaged into the GND and serves
as the second radiator.
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Antenna Theory — Wavelength Calculations in Free Space

Wavelength is dependent on frequency which is referenced to the speed
of light (299 792 458 m / s):

A meters = 2.99792458E8 m/sec
f (GHz)

where GHz = 1E9

Wavelength for several frequency ranges, all units are in cm:

A4 A4 A A

Frequency air FR4 air FR4

2.4 GHz 3.1 1.5 12.5 5.9
915 MHz 8.2 3.9 32.8 15.5
868 MHz 8.6 4.1 34.6 16.3
433 MHz 17.3 8.2 69.3 32.7
315 MHz 23.8 11.2 95.2 44.9
27 MHz 277.8 130.9 1111.1 523.8
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Antenna Theory — Antenna Radiation Patterns - raditional Coordinate System

Izotropic Antanna

An Isotropic Antenna is a theoretical antenna spec in
| dBi and radiates equally in all directions of a sphere.

1/4 Wave Monopole

£ Antenna Measurement Coordinate System

» X-y plane (¢ = 90 deg) is the azimuth plane
(horizontal plane)

6=90, ¢ =90  y-z plane (6 = 90 deg) is the elevation plane
; (vertical plane)

¢=0
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Antenna Theory — Antenna Considerations

Numerous issues to consider when selecting the antenna:
— Antenna placement

— Board size available for antenna layout

eSS

1 [:_;0004600040004‘441

> v 2L i
- Operating frequency ey [ ““7“‘7““““73'
——ﬁj' ‘“‘i E 7143
- Ground plane for ¥ wavelength antennas & e
| B'e A
— Antenna mismatch (VSWR) = ¥
(= 8N
— Objects that alter or disrupt Line of Sight (LOS) 8§20 i
868 MHz
2440 MHz 188 MHz
— Antenna gain characteristics | 5o : #14

— Antenna bandwidth

— Antenna Radiation Efficiency
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Antenna Theory — Antenna Radiation Patterns — 3p ora cTia Measurements

Example 1: 2.4 GHz Yagi Directional Antenna (DN034)

TRP =-0.43 dBm

.— 5.16 y
— -3.83 :’ 3
- 832 | 5 ¥
.— -12.81 E ﬁ Z x
irpptect o 8
gl 7 & 3 :
Wl 2 2 I
868 MHz
2440 MHz
#5
i3 TExAs
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Antenna Theory — Antenna Types - Commonly Used antennas

. Commonly used antennas

— PCB antennas
. No extra cost
. Size demanding at sub 433 MHz
. Good performance at > 868 MHz

— Whip antennas

. Expensive solutions for high volume
. Good performance
. Hard to fit in many applications

— Chip antennas

. Medium cost
. Good performance at 2.4 GHz e —
. OK performance at 868-955 MHz /]

. Poor performance at 433-136 MHz

— Wire / Helical antennas
. Low cost L
. Ideal at sub 433 MHz —

J
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Reference Designs — CC-Antenna-DK
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http://www.ti.com/lit/swra328

Antenna Support Documentation — Antenna Selection Quick Guide

EB: SmartRF Evaluation Board
SA: Stand Alone

SWRA351

By Richard Wallace

WP Texas Antenna Selection Quick Guide DN035
Design / Application Note DNOO7 AN043 DNO34 AN048
Frequency 2.4 GHz 2.4 GHz 2.4 GHz 2.4 GHz 2.4 GHz 2.4 GHz 2.4 GHz
Typical Efficiency 80%(EB) 94%(SA) 68%(EB) 80%(EB) 80%(EB) 76%(EB) 87%(SA) T2%(SA) 55%(USB)
Bandwidth@ VSWR 2:0 280 MHz 101 MHz 100 MHz 80 MHz 400 MHz 497 MHz 150 MHz
Dimensions (mm) 26 x 8 15x6 46 x 9 48x8 39x25 150 x 100 7x3
Design / Application Note DNO023 DNO31 DNO31 DNO33 DNO31
Frequency 868/915/955 MHz | 868 /915/955 MHz | 868 /915/955 MHz | 868 /915/955 MHz | 868 /915/955 MHz | 868/915/9855 MHz | 868/ 915/ 955 MHz
Typical Efficiency 64%(EB) 91%(SA) 80%(SA) 69%(EB) 64%(EB) 48%(EB) 63%(EB) 20%(EB)
Bandwidth @ VSWR 2:0 46 MHz 40 MHz 62 MHz 56 MHz 56 MHz 6 MHz 21 MHz
Dimensions (mm) 39x25 43 x 20 10 x 28 48x 8 15 x (5 to 29) 10x 14 9x8

Antenna Support Documentation
EEEEEETEEEE o | | s e
| ‘r, }OHDIIH!IHCIHJ‘ m M
] 2 ¥

Design / Application Note DNO31 DNO31 DNO31 DNO31 DNO31 GO || e
Frequency 433 MHz 433 MHz 433 MHz 315 MHz 136 - 240 MHz
Typical Efficiency 20%(EB) 26%(EB) 15%(EB) 15%(EB) 7%(EB) Anle:na TS
Bandwidth @ VSWR 2:0 23 MHz 38 MHz 30 MHz 4 MHz 3 MHz v o i ki
Dimensions (mm) 37x9 42 x (10 to 29) 15 x (5 to 29) 37x9 42 x (22 to 29)

OTA Measurement Reports

DNEXX

DNO35
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Content

 Link Budget

« Transmit Power

* RF parameters (RX Sensitivity, others)
* Modulation Schemes and FEC

* Friis Equation & Path Loss

« Antenna Basics and Key Characteristics

* |Interference and Coexistence

* Networking (Repeaters / Hubs)

« New Tl LPRF Products — BLE, Pure Path Audio, WMBuUSs for
Metering
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Coexistence: Home Entertainment example

WiFi, Bluetooth, ZigBee
and Proprietary 2.4 GHz

Remote, Gamepad or wireless
headset should NOT be affected
by e.g. the wireless access point
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Technigues against inteferers: DSSS and
FHSS

Power ¢
Wide Band Transmission DSSS

Each bit represented by
multiple bits using spreading

code. Signal is spread across

DSSS — Direct Sequence Spread Spectrum Frequency

Power Narrow Band Transmission

FHSS

~ utilizes a predetermined set
| of frequencies with either a
| repeating hop pattern or a

pseudorandom hop pattern.

FHSS — Frequency Hopping Spread Spectrum Frequency
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Techniques against inteferers: Frequency Agility

» Frequency agility can be considered an extremely slow hopping frequency hopping system

* In a frequency agile system the frequency is first changed when the link performance is degraded, i.e.
when the Packet Error Rate (PER) exceeds a predetermined threshold

ﬂ LN

>

Frequency
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Example Coexistence Test Setup

RF PACKET GENERATOR
WITH SIGNAL
LEVEL = -82dBm

= RADIO
COMBINER UMD =
RF INTERFERER TEST

100% DUTY CYCLE

STEP FREQ OFFSET BY 5MHz | | | I I | |
INCREASE LEVEL UNTIL ERROR
f

LEVEL IS REACHED

Interference is Worse in the 2.4GHz band (Zigbee, Bluetooth, WLAN,
etc...)
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Coexistence/Selectivity

CC2520 SELECTIVITY

INTERFERER REJECTION (802.15.4 INTERFERER) VS
INTERFERER FREQUENCY. CARRIER AT -82dBm/2440MHz.

75

)

— ”‘\.—\ /\t/’\‘\,

& v N

=

O

L

i

o5

o

[W1]

o

LLl

[T

€ 0

L

|_

=
_25 T T T T
2400 2420 2440 2460 2480

INTERFERER FREQUENCY (MHz)

This radio has best in class selectivity -> The ability to “tune out” the
channels that it doesn’t want to hear.
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* RF parameters (RX Sensitivity, others)

* Modulation Schemes and FEC

 Friis Equation & Path Loss

« Antenna Basics and Key Characteristics

* |Interference and Coexistence

* Networking (Repeaters / Hubs)

« New Tl LPRF Products — BLE, Pure Path Audio, WMBuUSs for
Metering
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Networking (Repeaters / Hubs)

« ZigBee (Mesh)

« SimpliciTI (Star)

« Simple Repeater
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IEEE 802.15.4 and ZigBee Network Examples

Star Topology Peer-to-Peer Topology

Ny o
\ZO e

@ Full Function Device
O Reduced Function Device
<—> Communication Flow

PAN
Coordinator O

Figure 1—Star and peer-to-peer topology examples

ZigBee Coordinator — This device 1s configured to start the IEEE 802.15.4 network and
will serve as the PAN Coordinator in that network.

ZigBee Router — This device 1s configured to join an existing network, associate to a
Coordinator or Router, and then allow other devices to associate to it. It will route data
packets in the network .

ZigBee End Device — This device is configured to join an existing network and will
associate with a Coordinator or Router.
Free SW: http://focus.ti.com/docs/toolsw/folders/print/z-stack.html

Documentation: C:\Texas Instruments\ZStack-xyz\Documents

i3 TEXAS
INSTRUMENTS



http://focus.ti.com/docs/toolsw/folders/print/z-stack.html
http://focus.ti.com/docs/toolsw/folders/print/z-stack.html
http://focus.ti.com/docs/toolsw/folders/print/z-stack.html

SimpliciTlI Network Examples

. Access point

. Range Extender

End Device

Key Occupancy

Fob ~———' Door Sensor
Lock

Repeater

CO Sensor

Examples message flows

Peer2Peer message
—— Message to Access point

Message repeated
through range extenders

Smoke
Alarm

Repeater

CO Sensor

Occupancy
Sensor

Glass

Break Smoke
Sensor Alarm

SimpliciTl is:

*TlIs proprietary RF network
protocol supporting sleeping
devices for low power

oL ow Cost: <4k / 8k FLASH,
<512/ 1K bytes RAM

«Simple and Flexible: Star
with repeater or peer-to-peer,
Simple API

*Versatile: MSP430 +
CC1101/2500, and SoCs

Free SW: http://focus.ti.com/docs/toolsw/folders/print/simpliciti.html

Documentation: C:\Texas Instruments\SimpliciTI-xyz-1.1.0\Documents
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http://focus.ti.com/docs/toolsw/folders/print/simpliciti.html

Copying Reference Designs

Realize that the PCB is part of the RF design

Decoupling design impacts RF noise performance
— Don’t omit caps / share vias

Stitching vias between layers moves resonance up in frequency

Layout problems may show up as high transmit current.

Small things like PCB thickness, soldermask, etc can effect the
performance
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NEW Low-power wireless products by TI

« CC2540 BLE

e CC8520 PurePath Audio

« WMbus for Metering (and Sub-metering)
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Tl Bluetooth low energy stack

Royalty-free protocol stack
— Available to all CC2540 customers as object code (libraries)
— Available as network processor also (future)

Both master and slave role support, multi-role support
Support for encryption

Optimized specifically for CC2540
— Lowest possible power consumption
— Stack size ( ~128K Flash, 4K RAM) - Remaining memory for application

Profile support planned based on specific profile specifications (attribute, PUID, proximity,
remote)
— Sample applications for profile and proprietary products

Leverages TI's long experience in low-power radio protocol stacks
— ZigBee, RF4CE, SimpliciTl

Product certification and Bluetooth SIG membership
— Certified platform required to release product

TI confidential information - Strictly Private

13 TEXAS
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Tools

» BLE Kit (released in Oct’10)
— Key Fob (LED, two buttons, accelerometer, buzzer, and more)
— Very small form factor USB Dongle
— CC Debugger, cables, adapter board, tools

« Software

— BLE Stack Installer
» Stack Library
« Sample Applications (proximity pairing, sensor)
« PC GUI
* USB support

* Tools

— BLE - CC Packet Sniffer
* Entry level sniffer / debugger
» Supports advertising and data channels

— CC_Debugger

— SmartRF Studio
— www.ti.com/ble
— Dev. Kit:

13 TEXAS
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http://www.ti.com/ble

CC2540 Demo: Hardware

PC Dongle Keyfob

Keyferb back
Of range !

J"I;; TEXAS
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CC2540 Demo: Software Interface

- Create BLE connection T\ Dlustooth LE Demo
between USB Dongle and
Keyfob COM15

Yizual Information Messagingl

Battery Profile Information

* View battery and signal
strength

Prawimity Prafile Information

» Set signal threshold value and
alarm type remotely .

Fath Loz Alarm Type

85& -42 dBm ﬂnﬂ
[Se © righ e
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BLE Application Space

Sports sensors

{

Single-mode Bluetooth LE dongle

USB Interface 8 Proximity tags,
/ Keyfobs etc.
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What is PurePath Wireless audio?
- CC8520, first family member

 PPW is a family of devices for high quality wireless audio streaming
» CC8520 supports uncompressed stereo audio (up to 48kHz, 16/24 bits)

» Applications:
— Wireless speakers & subwoofer
— Wireless signal cable replacement
— Wireless headphones

13 TEXAS
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Why PurePath Wireless?
-> Robust audio link

High-performance 2.4GHz RF-IC: Time
— Best-in class adjacent channel rejection 1
— High sensitivity |
— Efficient modulation format: 3.8MHz occupied iR o packeton
bandwidth 1 O \
— High data rate: 5mbps | D
Robust embedded RF protocol: + %
— adaptive frequency hopping + []
— Re-transmissions | X \
— Forward error correction & concealment Tmes— ||| b good chamer
— Complies with ETSI, FCC and Arib regulations | | L | -
| | | | Frequency
C1 c2 C3 Cn
RE Channels

Succesfully transmitted packet
Failed packet

Diversity in frequency and time
improves link quality in 2.4GHz band
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Why PurePath Wireless?
- easy to use design tool

®¢ PurePath Wireless Configurator - Texas Instruments

Start Page

Getting Started Recent Projects

Free PurePath Wireless - e
Configurator PC tool

No software development
required

Stereo base station transmitter - Audio Interface

* External Audio Device

Step'by'step approaCh to ; - 3 "-MC23%[-II-i:.«‘fu-‘ilot:ODEC)
configure CC8520 firmware image T .

Can program CC8520 direclty or
generate HEX file to be used with :
prOdUCtlon programmer =" Flash Programming ‘ExtemalA-udiolnterface

vI2s
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Development kit — CC85XXDK

Kit content: S,
« 2 x Purepath Wireless AudioEB . “SSiEas

- 1x CC Debugger = S
2 X CC85xxEM

2 X CC85xx+CC2590EM
2 X 2.4 GHz Antennas
Cables
Documentation

Other Tl content:
TLV320AIC3101
DIR9001
DIT4096

TI LDO
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CC8520 module

Module key specification

Size 20x20 mm

Standard 4-layer FR4, thickness 1.6mm
Antenna diversity.

2xXPCB antennas.

Footprint for a metal shield.

Tolerate 2x reflow soldering.

Connection to mother board through hole on board edge (approx dia 1mm)

T1 will share the module design

Same performance as CC85xx-DK!
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TI’'s Wireless Smart metering Solutions

Wireless MBus solutions

Tl has WM-Bus Low-level SW on the CC1101 - SW available on the Web —
ANO67.

Tl 3.party offer HW (module) and SW solutions with WMBus — Radiocrafts
(CC1110), Amber Wireless and and Panasonic both with MSP2272 +
CC1101.

Steinbeis TZ (SW stack on MSP430+CC1101 and CC430).
Scatterweb - SW stack on MSP430+CC1101
Further HW support for WM-bus planned in future products.

Challenging points in the standard (for modern RF transceivers with packet
handling features):

— Data rate variation (T mode) : +/-10%

» This is quite "extreme” and requires extra hardware in the demodulator
to handle

The sync word is "non-standard”
— 18,10 bit long (8*n is more common)
—  Sync word is NOT Manchester modulated while the data is

Non-Standards 3 out of 6 coding and packet format (multiple CRC)

- {cca30
&cLod) _
{CCllll )
€cuooe  (€c1110) @

A/@\

I:?;" -y
PRy

Radiocrafts offer solutions based on CC1110 (porting to CC430 in
process)

Amber Wireless and Panasonic (Germany) offer RF modules based on
MSP430+CC1101; Amber will release a CC430 module very soon

()

PC Demo

Meter Devices Application
Wireless M-Bus A\

Wireless M-Bus
Mode T1/T2 Mode S v
> — RS232

v

Wireless M-Bus
Sniffer Interface

e.g. Panasonic PAN7550

Texas Instruments
ez430-Chronos

Steinbeis TZ have ported the WMbus stack on the CC430, now running
on the Chronos Watch
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http://amber-wireless.de/158-0-AMB8465-M.html
http://amber-wireless.de/168-0-AMB8425-M-RP.html

TI’'s Wireless Smart metering Solutions
Demo kit — Chronos and MSP430 + CC1101EM

MSP430F4618 + CC1101 EM
Binary code for up to 5 “meters”

WMBUS stack by Steinbeis TZ (3" party)
for both CC430 and MSP430

Detailed demo User Manual

This HW emulates an e-meter or gas
meter (could be modified for water or heat
meter as well).

Consumption data is periodically sent to
Chronos (“In-house Display”)

i3 TEXAS
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TI’'s Wireless Smart metering Solutions
Smart Meter in a Tl box...

2 il I B af

Technical capabilities :
— 3-phase measurement through the MSP430F47187 (shunt + CTs)

— RF connectors for the CC2530EM (ZigBee) and the CC430 or
CC11xx/CC430 (WMBUS module)

— PLC connector
— RF connector for the TRF7963

Future enhancements :
— SMB 3.0 will have Stellaris as the application processor

— RTOS, Encryption, DLMS and bi-directional communication for flexible
tariff & on/off switching

— PRIME and G3 module support through the PLC connector
Was demonstrated for the first time at the World Meter Design
Congress in SD in March’10 using Zigbee SE1.0 Profile and PLC
Demo: WMBuUs power consumption data to Chronos
WMBUuUs support for CC1101 and 3" party RF modules available
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Questions?

THANK YOUI!

www.ti.com
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