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Advances in Short-Range
RF Transceivers Drive
Link Robustness
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ust when it seemed
Jlike the market for

short-range RF
technologies had become
synonymous with Blue-
tooth, Wi-Fi and other
products reaching com-

In this article, the author
examines performance
requirements that are often
overlooked when design-
ing low-cost, short-range
wireless transceivers
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Figure 1 - Basic tfransmission system.

modity status, there will
soon be another signal to contend with:
ZigBee. This pervasive wireless networking
environment adds to the challenge that engi-
neers designing these systems have to provide
a receiver that delivers valid, uncorrupted
data packets.

The recent explosion of RF wireless services
in everyday life has made it even more impor-
tant to remember the factors that make a radio
link reliable, immune to interference, robust
and bulletproof. Much of the task falls to the
radio transceiver chipset. This paper gives the
key to a detailed readout of the datasheets,
where not only sensitivity, but also spurious
response rejection and input third order inter-
cept point (ITP3) are key specifications.

Intfroduction

The worldwide RF landscape is very
crowded. In North America, a large frequency
band (ranging from 902 to 928 MHz) is dedi-
cated to short-range devices (SRDs) with few
restrictions. Transmitters can reach 1 watt,
allowing for applications to reach relatively
long distances. In Europe, the g band (ranging
from 863 to 870 MHz) is becoming very popu-
lar. The allowed power levels are, generally
speaking, lower. Across all regions of the
world, unlicensed frequency bands are also
allocated to non-specific SRDs, anywhere
between 300 and 510 MHz. Around those non-
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specific SRD bands, there is a variety of other
potential interferers including the UHF bands
allocated for analog or digital TV broadcast
stations. While their frequency separation to
the common SRD bands can be as high as a
few MHz or tens of MHz, the allowed field
strength emissions are indeed very high as
tens or hundreds of kilowatts may be broad-
casted. At 2.4 GHz, a large number of SRDs
are operating between 2.400 and 2.4835 MHz;
including Bluetooth personal area network
devices, Wi-Fi 802.11a/b/g/n access points with
decent power and large spectral signature,
and now Zigbee applications are starting to
emerge.

Range, Output Power and Sensitivity

Achieving successful transmission over a
long distance depends primarily on the receiv-
er sensitivity, transmitter output power, and
antennae used (Figure 1 depicts a simplified
RF link). Instinctively one may think that
having high power, low sensitivity, and an effi-
cient antenna would guarantee a reliable and
long distance link; however, this only holds
true in ideal environments with little electro-
magnetic activity (noise and interference).
Practical solutions for non-ideal systems, par-
ticularly solutions for receiver response
issues, are detailed in this paper.
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Figure 2 . Blocking immunity and ACR.

Receiver Response

Receiver sensitivity corresponds
to a receiver’s ability to effectively
collect valid bits of information.
Although raw receiver sensitivity is
of significant importance, a receiver
must also be as immune to its elec-
tromagnetic environment as possible.
A receiver sensitive to any frequency
would not be able to reconcile multi-
ple users sharing the spectrum.

A given receiver is sensitive to a
specific frequency, defined as the
“channel.” By extension, a good
receiver must be as insensitive as
possible to all other frequencies.
Potential interferers are numerous
and reside anywhere in the electro-
magnetic spectrum including, but not
limited to, cell phone users, TV broad-
casting stations, and nodes sharing
the 2.45 GHz band (Wi-Fi, Bluetooth,
Zigbee).

The frequency response of an
ideal receiver is shown in Figure 2.

As with any receiver architecture,
the first order parameters describing
the receiver’s immunity to interferers
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are its adjacent channel rejection
(ACR) and its blocking immunity
(BD). Both figures are specified at a
certain offset of the channel, and
their value is stated in dB. A receiver
with an ACR of 42 dB at a +25 kHz
offset and BI =70 dB at a +10 MHz
offset would still have successful
reception with its companion trans-
mitter 1,000 meters (1,100 yards)
away and an interferer 1 meter away
(assuming a 915 MHz link, Free
Space Path Loss model).

It is important to select RF
transceivers that maximize ACR and
BI, though this proves to be a trade-
off exercise as optimization of ACR
and BI increases current consump-
tion and the bill of materials.
Furthermore, optimization can make
transceiver integration more diffi-
cult. The best-in-class commercially
available low-power RF receivers
with a high level of integration, such
as Semtech’s SX1231 [1], exhibit an
ACR in the range of 40-45 dB, and
their BI exceeds 70 dB (at all offsets
larger than 1 MHz).
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Figure 3 - Mixing concept.

Receiver Spurious Response
Frequencies vs. Architecture

The ideal receiver response shown
in Figure 2 is a crude simplification
of real-life receivers. More realistic
architectures that are well adapted
for low-cost/high-integration/low-
power implementation include super-
heterodyne, Low-IF, and Direct
Conversion (or Zero-IF) receivers.

Superheterodyne

Practical superhet implementa-
tions employ an Intermediate Fre-
quency (IF) ranging from 10 to 100
MHz. With mixers performing fre-
quency additions or subtractions, the
incoming RF signal is down-converted
to its first IF as shown in Figure 3,
then to a second very low IF through a
second mixer. The selection of the IF is
driven by multiple concerns, including
commercial availability of filters at
the desired frequency, Local Oscillator
sideband noise performance impact-
ing reciprocal mixing [2], and impor-
tantly, Image Frequency.

Superheterodyne receivers are
not only sensitive at their tuned
channel frequency F, ... they are
also equally sensitive at their image
frequency, which is defined as:

F - 2xFp

FImage = T channel

for low-side injection, and

FImage = Fchannel +2x FIF

for high-side injection. This image
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Figure 4 - Typical low-IF in-band response.

frequency response can be mitigated
by the use of a front-end pre-selection
filter. Since the IF is usually high
(>10 MHz), the image response of the
receiver will be out-of-band, where
high power interferers may exist.
Fortunately, high-Q filter technolo-
gies such as Surface Acoustic Wave
(SAW) filters, offer a good rejection
(40 to 50 dB) at the image frequency,
and they are widely used as pre-
selection filters, to remedy the image
frequency pitfall.

Low-IF

Low-IF receivers also employ the
heterodyning method, but they con-
vert the incoming RF signal to a lower
IF frequency (typical range is 100 kHz
to a few MHz). Low-IF frequency
architectures lend themselves better
to higher integration, where sharp
channel filtering can be implemented
on-chip at an acceptable silicon size
and cost. Also, current digital tech-
nologies allow for signal processing at
a few hundreds of kilohertz, making
the low-IF approach a good candidate
for high integration. However, low-IF
receivers also suffer from the Image
Frequency phenomenon described for
detailed in the superheterodyne sec-
tion. The major difference is that, the
IF frequency being lower, the image
frequency actually lies in-band, very
close to the channel, literally a few
hundred of kilohertz off-channel. With

such a small frequency offset, the pre-
selection filter proves inefficient.

The alternative method in mod-
ern low-IF receivers is the Image
Rejection Mixer (IRM). IRM employs
a combination of in-phase and
quadrature (I&Q) mixing, with com-
plex poly-phase filtering. Its image
rejection performance is intimately
linked to the ability to “match” the
1&Q signals in phase and amplitude.
Without any calibration, the best
achievable matching between two
elements on an integrated circuit is
limited to approximately 0.5% in
amplitude and 1° in phase. In turn,
the IRM will “only” provide about 30
dB of image rejection. Practical
implementations in commercially
available sub-GHz transceivers offer
a typical Image Rejection in the
range of 17 to 30 dB. There is often no
minimum guaranteed Image Rejec-
tion, and one could estimate it to be
as low as 15 dB in worst cases.

The in-band response of the typi-
cal low-IF receiver will show an isola-
tion ranging from around 40 dB
(ACR) in the adjacent and alternate
channels, and increasing to 60 or 70
dB (BI) at 1 MHz offset, with a “hole”
located 2 x IF away from the channel,
jeopardizing the chances of the device
to receive messages in a real environ-
ment where multiple users are shar-
ing the frequency band. This is illus-
trated in Figure 4.

Direct Conversion

Direct conversion is also a popular
architecture for short-range radios.
In this specific case of down-conver-
sion, the IF frequency is set to zero,
showing significant advantages: pro-
cessing is done at the baseband,
reducing the power consumption
required to process incoming data. A
high level of integration is possible
with the design of sharp channel fil-
ters on a smaller silicon area. The
most important advantage however
is the absence of image frequency.
High-Q pre-selection filters and
image rejection mixers, with their
inherent limitations, are therefore
not required.

Indeed, the direct conversion
receiver is the closest approach to a
spurious-response-free receiver. It is
however noticeable that both the low-
IF and the direct conversion architec-
tures are subject to amplitude modu-
lation (AM) detection. This is a criti-
cal factor [3], since burst radios can
be seen as high power AM interfer-
ers. Such is the case of the FCC’s 902-
928 MHz band in North America,
where Frequency Hopping Spread
Spectrum (FHSS) is a proposed tech-
nique to spread energy and use up to
1 watt of peak power. An FHSS sys-
tem will turn its power amplifiers on
and off rapidly (400 ms maximum).
To receivers lying in-band, the result-
ing spectrum will look like an AM sig-
nal, potentially causing low-IF and
direct conversion receivers to desen-
sitize. Careful mixer design tech-
niques solve this issue, and modern
processes allow for mixers with a
high enough input 2nd order inter-
cept point (ITP2) to completely eradi-
cate the AM detection. When select-
ing a low-IF or direct conversion
receiver, the RF system designer
should ensure that the AM rejection
matches the blocking immunity of
the receiver. Doing so guarantees a
bulletproof front-end, capable of
rejecting both constant wave (CW)
and AM or pulse modulated interfer-
ers located in-band and out-of-band.
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Figure 5 - Typical zero-IF in-band response, CW or AM interferer.

TV Broadcasting Station 1

Fi = 860 MHz Water Meter

RF Receiver at 868 MHz
Sensitivity = -110 dBm
Antenna Gain =0 dBi

Power =1 kW
Antenna Gain = 0 dBi

CCR=-10dB
1IP3 =-20 dBm

TV Broadcasting Station 2
F2 = 851 MHz
Power = 1 kW

Antenna Gain = 0 dBi

Smart metering infrastructure
RF Transmitter at 869 MHz
Power = 100 mW
Antenna Gain = 0 dBi

Figure 6 - lIP3 scenario.

The Semtech SX1231 receiver fea-
tures an outstanding ITP2 of at least
+35 dBm, allowing for the AM sup-
pression to meet or exceed the block-
ing immunity at any offset.

The Puzzling Question of Linearity
Receiver linearity, usually speci-
fied as the input third order intercept
point (ITP3), is sometimes overlooked
by RF system designers; it is rarely
documented in the datasheets of con-
sumer-grade RF transceivers. How-
ever, selecting a receiver with poor
linearity can be the Achilles’ heel of a
reliable radio frequency system.
Multiple references are easily
found in the literature to theoretical-
ly understand the intermodulation
mechanism [4]. In this article, two
hypothetical receivers with compara-
ble sensitivities will be compared.

High Frequency Electronics

Their impact of their intrinsic linear-
ity on the actual distance this RF link
will also be discussed.

The example shown in Figure 6
describes a typical smart metering
system. A water meter, located in a
water pit, operates at 869 MHz (ISM
license-free band in Europe). For sim-
plification, all antenna gains are set
to 0 dBi. We will assume the following
performance for this receiver:

e Sensitivity = —110 dBm in the
conditions of this transmission
¢ Co-channel rejection, CCR =-10

dB
e [IP3 = —20dB (for example,
Semtech’s SX1231 [1])

The data collection unit in this
fixed infrastructure network is locat-
ed on a utility pole, 1.4 kilometers

away, and its output power is 100 mW.
For path loss calculations, the fol-
lowing simplified model can be used:

Path Loss = 201og(4n/A) + 10nlog(d)

where A is the wavelength at 869 MHz,
i.e. 0.35 m, and n is an experimentally
defined constant. For the transmission
between the utility pole and the water
pit radio, n = 3; this is a realistic
approximation of the path loss in a
suburban environment. For the trans-
mission of the TV broadcast stations,
we will assume n = 2, which corre-
sponds to a line-of-sight situation, clos-
er to reality when the elevation of the
broadcast station antenna is high.

Exploiting this equation, the path
loss from the meter reader to the
meter itself will approach 125 dB. In
turn, the power collected by the
meter’s antenna will equate —105
dBm. This is well over its sensitivity
level. In the absence of interferers,
this link will be reliable at a 1.4-kilo-
meter distance.

Now let’s assume two TV stations,
each being located at a distance of 15
kilometers, several tens of meters
above ground, whose output power of
1 kilowatt translates into two tones
hitting the water meter antenna:

¢ One tone at F1 = 851 MHz, with
—55 dBm power level, defined as
Pin

e The second tone at F2 = 860
MHz, same power level

Following the theory of intermod-
ulation products generated in the
radio front-end, a parasitic intermod-
ulation tone will appear at:

F, termod = 2% F2 — F1 = 869 MHz
Its level is calculated as follows:

P termod = 3 X Py, — 2 x IIP3

Table 1 summarizes the perfor-

mance for two different radios, claim-
ing the same sensitivity.



-115 dBm

RadioA* | RadioB | Comment
Sensitivity =110 dBm Same signal conditions
CCR -10 dB
IP3 -20dBm | -30 dBm
Pwanted -105 dBm Signal at 869 MHz
Punwanted -55 dBm Unwanted tones hitting the R antenna
Pintermod -125dBm | -105dBm | Intermodulation product at 869 MHz
Maximum bearable co-channel signal level

Margin

Reception is guaranteed f

' Reception is impossible, despite
the high sensilivity of the RF

Table 1 - Receiver’s lIP3 performance report.

Conclusion

In optimal conditions, when there
is no interferer, the Short Range
Device embedding the receiver with
the best sensitivity will achieve the
longest-range coverage. In the deploy-
ment of networks, longer distance
means fewer nodes, lower cost, lower
latency, less redundancy, or in a word,
superior system. But, as described,
this is an impractical assumption to
make in real world applications as
architectural choices have a signifi-

cant impact on the ability of the
receiver to receive packets in an
increasingly busy RF spectrum. Any
wireless system designer should not
only consider chip cost, power con-
sumption, transmitter output power
and receiver sensitivity, but should
also look at the receiver architecture
to make an informed choice.
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