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1 Basic principles: noise, sensitivity, and range

1.1

The range of a wireless transmission path

The range of a wireless transmission path is determined by the emitted transmission power, the receiv-
er's sensitivity, and the properties of the medium between the transmitter and receiver. The equation (1)
provides the path attenuation SD between the transmitter and receiver antenna in dB:

W+10onolg

In this equation, A is the wavelength, d is the distance between the transmitter and receiver antenna, and
n is something known as the loss exponent.

d

— (1)
Tm

SD(d) = 20 e g

In a clear space free from objects, this means that the loss exponent n equals 2 when the transmitter
and receiver antennas are set up high off the ground without any obstacles between them.

Fig. 1-1 shows the path attenuation in a clear space as a function of distance d for three frequently used,
license-free frequency bands.
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Fig. 1-1 Path attenuation in a clear space (n = 2)

Fig. 1-1 can be used as an initial indication for the expected range for a wireless transmission path. It is
important to note that doubling the distance in a clear space results in the path attenuation increasing by
6 dB. Vice versa, increasing the transmission power by 6 dB doubles the range.

In practice, however, the loss exponent n rarely equals 2. Inside buildings, n can be between 3 and 4. If
the distance is doubled, the path attenuation then rises to between 9 and 12 dB. A common rule of thumb
tends be that increasing the transmission power by 10 dB (or improving the sensitivity by 10 dB) doubles
the range.

If the transmission power, the antenna gains, and the properties of the transmission path are fixed, the
only way to increase the range is to improve the receiver sensitivity. The next section will therefore look
at the variables that can be used to influence the sensitivity of a receiver.




1 Basic principles: noise, sensitivity, and range

1.2

Additional noise, noise factor, and sensitivity of a wireless receiver

In the frequency range observed here, the thermal noise sets a theoretical limit on the sensitivity of wire-
less receivers. The thermal noise is the result of the Brownian motion of the load carriers, which gener-
ates a random voltage at the connections for each resistor at temperatures above the absolute zero
point. At room temperature, the spectral density of the thermal noise is -174 dBm/Hz.

The thermal noise can be regarded as white noise with a consistent spectral density. The noise power
therefore equals the noise power spectral density multiplied by the bandwidth. Wireless receivers for
small data rates can therefore be more sensitive than those for quick data transmission rates.

Every module (even ideal noise-free ones) has an input noise level, which cannot be below the thermal
noise power of -174 dBm at a 1 Hz bandwidth at room temperature. At a power density of -174 dBm/Hz,
the thermal noise is present at each point in an electrical circuit or system.

Unfortunately, every amplifier used in practice adds additional noise on top of the unavoidable thermal
noise. This additional noise is the result of factors such as surface effects, contamination, or contact ef-
fects. Fig. 1-2 shows the effect of additional noise on an amplifier's signal-noise ratio.
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Fig. 1-2 Deterioration of the signal-noise ratio due to additional noise

Additional noise means that the signal-noise ratio at a module's output is always worse than at the input.
This deterioration can be described in quantitative terms using the noise figure:

S
F = E’Nl (2)
Wour

The noise factor NF is often used as a logarithmic element:

NF = 10 eIgF @)

The noise factor describes the inherent noise generated by the module and is synonymous with the de-
terioration of the signal-noise ratio caused by the module, on the condition that only the thermal noise at
the module's input is taken into account. The signal-noise ratio at a module's output can never be higher
than the ratio at its input; due to the module's unavoidable additional noise, it is always lower than at the
input.




1 Basic principles: noise, sensitivity, and range

All sources of noise for a receiver — related to its input — generate the equivalent noise floor. The noise
factor indicates in dB how much higher the equivalent noise floor at a module's input is than the thermal
noise of -174 dBm/Hz.

The sensitivity of a wireless transmitter then equals the equivalent noise floor at the input plus the signal-
noise ratio, which, for example, is required for a certain bit error rate.

The noise figure of an attenuator can be used as an example (Fig. 1-3).

-174dBm/Hz

Fig. 1-3 Effect of an attenuator: the noise factor is the same as the attenuation

At the attenuator's output, the signal power is the input signal power minus a; (total attenuation). How-
ever, the thermal noise power density is the same across the entire system at -174 dBm/Hz. The signal-
noise ratio at the attenuator's output is therefore equal to the input ratio minus the total attenuation. An
attenuator's noise factor is therefore equal to its attenuation. Over the signal path, the signal-noise ratio
can never be higher than (S/N)gyt at the attenuator's output. In a practical example, the attenuator can
be depicted by a cable, power section, or plug connector, for example.

In general, the noise figure for a chain of modules can be calculated with the noise figures F; and the
gains G; according to the Friis formula (4):

G, | | G Gy | Gy
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Findings:

1) The noise figure for the first module in a chain is added straight to the total noise figure; the effect of
the noise from the following stages is then reduced by the gain from the previous stages.

2) The improvement to the sensitivity caused by a preamplifier is not the same as its gain, but instead
corresponds to the improvement to the total noise figure according to the Friis formula.

It is important to make sure that linear values are used in the formula (4) instead of dB values!

This is clarified by an example:




1 Basic principles: noise, sensitivity, and range

The sensitivity of a receiver with a noise factor of 6 dB is due to be improved by a preamplifier with a

noise factor of 1 dB and a gain of 15 dB. How high is the expected improvement to receiver sensitivity
in dB?

Solution:

First of all, the logarithmic values for the noise factor NF and the gain in the linear values for the noise
figure F must be converted:

NE
F, =10 © =10"% = 1.250 ®
NF, 6
F, =10 ' =10"% = 3.981 ©
15
G, =10" =316 v
The Friis formula then generates:
Fow = 1269 + 22221 = 1353 ®
The chain's noise factor is:
NF,.,  =10eIg1.353 = 1.31dE ©

The improvement to sensitivity is therefore 6 dB - 1.31 dB = 4.69 dB.




2 Sensitivity improvement by a preamplifier

2.1

Specifications for the receiver and the recommended additional modules

The sensitivity of the receiver JUMO Wtrans T01.ECI with a data rate of 100 kBit/s and a frequency
swing of £50 kHz is normally -95 dBm. This roughly corresponds to a noise factor of NF = 13 dB or a
linear noise figure of F = 20. The sensitivity can be increased significantly using a preamplifier.

The JUMO Wtrans T01.ECI was designed for use with the A/4 antenna (part no. 00503151) on the wall-
mounted antenna bracket (part no. 00482648). In electrical terms, this antenna is a monopole antenna
with ground plane and a gain of around 5 dBi. If the antenna is mounted directly on the Wtrans T0O1.ECI
instead of on the wall bracket, a range decrease of up to 40 % must be expected due to the lack of
ground plane.

Preamplifier

To improve the sensitivity and range, JUMO recommends using the low-noise preamplifier ZX60-
0916LN-S+ by Mini-Circuits. In the 868 MHz bandwidth, this amplifier normally has the following perfor-
mance figures:

Noise factor, typ.: NF = 0.6 dB (corresponds to linear noise figure F = 1.15)
Gain, typ.: G = 18 dB (corresponds to a linear power gain of 63)
Operating voltage: Vsuppl = 9.0 V typ., 5.5 V limit value

Current consumption: lsuppl = 40 MA typ.

Operating temperature: -40 to +85 °C

Fig. 2-1 Low-noise preamplifier ZX60-0916LN-S+ by Mini Circuits

Power splitter/combiner

In some applications, multiple antennas are connected to one receiver or multiple receivers are connect-
ed to one antenna. In these cases, it must be ensured that all modules with a system impedance of 50 Q
are terminated. For this purpose, JUMO recommends the power splitter/combiner ZAPD-1-S+ by Mini-
Circuits for cases where two cables are due to be connected to one input or output, or the ZB4PD1-930-
S+ where four cables are due to be connected to one input or output.

As the name suggests, power splitters/combiners are reciprocal elements, which means they are able
to split a signal between two inputs and also to combine two signals.

The ZAPD-1-S+ has a sum port S, which is located on one side of the housing, as well as two identical
connections on the opposite side, which are marked with "1" and "2".




2 Sensitivity improvement by a preamplifier
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Fig. 2-2 Connections on the power splitter ZAPD-1-S+

When a signal is fed into the sum port S, it is split evenly between the two connections 1 and 2. In a
frequency range of around 868 MHz, the insertion loss is normally 3.35 dB. The same insertion loss is
achieved when a signal is fed into connection 1 or 2 and collected at the sum port. A unique scenario
occurs when signals with the same amplitude, frequency, and phase are connected to connections 1 and
2: the insertion loss at the sum port is then just 0.35 dB.

Connections 1 and 2 are isolated from one another: the attenuation between these two connections is
over 30 dB.

All of these specifications are valid provided that all of the power splitter/combiner's connections with
50 Q are terminated.

Here is a summary of the most important specifications:

Insertion loss S < 1o0or S < 2: 3.35dB
Isolation 1 < 2: >30 dB
Insertion loss 1+2 — S: 0.35 dB for the same frequency, amplitude and phase

The ZB4PD1-930-S+ is used if four cables are due to be connected to one input or output. The most
important specifications for this power splitter/combiner are as follows:

Insertion loss S « 1 to 4: 6.3 dB

Isolation 1 to 4: >30 dB

Insertion loss 1+2+3+4 — S: 0.3 dB for the same frequency, amplitude and phase at all in-
puts

The final scenario (frequency, amplitude, and phase are identical at all four inputs) rarely occurs in prac-
tice.
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2 Sensitivity improvement by a preamplifier

Bias tee

The final additional module to be described is something known as a bias tee. A bias tee is used to sup-
ply modules with direct current via a high-frequency cable. Figure Fig. 2-3 shows a typical electrical cir-
cuit:

DC

I 4 RF + DC

RF

Fig. 2-3 General circuit with a bias tee

Bias tees have been optimized to ensure good isolation between the high-frequency path and the direct
current path using a broad frequency range. A suitable bias tee is the ZFBT-4R2G-FT+ by Mini-Circuits.
The following specifications are useful for the frequency range of 869 MHz:

Insertion loss of the HF path: 0.33 dB typ.
Isolation between direct current and HF path: 40 dB typ.
Maximum admissible HF output: +30 dBm
Maximum admissible direct voltage: 30V
Maximum admissible direct current: 500 mA

JUMO supplies the RG174 coaxial cables in lengths of 3 m, 5 m, and 10 m for connecting offset antenna.
This cable is specified for ambient temperatures of up to 85°C. JUMO can provide the coaxial cable
RG316 in a length of 10 m for higher temperatures up to 125°C. The attenuation for these cables is
around 0.95 dB/m for the RG174 and 0.9 dB/m for the RG316; in general, a cable attenuation of 1 dB/
m is assumed.

The following section examines various combinations of the receiver JUMO Wtrans TO1.ECI with the ad-
ditional modules described above.

11



2 Sensitivity improvement by a preamplifier

2.2

Antenna — Cable — Receiver

(1)

A4
—

w
~

(2)

Fig. 2-4 Antenna — Cable — Receiver

(1) Antenna
(2) Cable
(3) Receiver

The first element in the signal path is an attenuator; the attenuation of the cable is added straight to the
noise figure and, as a result, to the sensitivity as well. A 10-metre cable therefore reduces the sensitivity
from -95 dBm to -85 dBm, for example.

The following table contains the total noise figures and receiver sensitivity for the three cable lengths
available from JUMO, as well as for cable lengths of 20 m and 30 m.

Cable length NFiot Receiver sensitivity

3m 16 db -95dBm - 13 db + 16 dB = -92 dBm
5m 18 db -95 dBm - 13 db + 18 dB = -90 dBm
10m 23 db -95 dBm - 13 db + 23 dB = -85 dBm
20m 33db -95dBm - 13 db + 33 dB = -75 dBm
30 m 43 db -95dBm - 13 db + 43 dB = -65 dBm

Tab. 2-1 Receiver sensitivity figures for the arrangement: Antenna — Cable — Receiver

These results show that the sensitivity is significantly impaired for long cable lengths in particular.

12



2 Sensitivity improvement by a preamplifier

2.3

Antenna - Cable — Preamplifier — Receiver

lVDC
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Fig. 2-5 Antenna — Cable — Preamplifier — Receiver

(1) Antenna

(2) Cable

(3) Preamplifier ZS60-0916LN-S+
(4) Receiver

In this arrangement, the preamplifier helps to suppress the additional noise from the receiver; however,
the cable attenuation is still added to the total noise figure.

According to the Friis formula, the receiver's noise figure plus the preamplifier (without cable) is:

_ 201 _
Frx+vy = 115+ 52— = 1.45 (10)
This corresponds to the logarithmic noise factor:
NFry 4y =10elg1.45 = 1.62dB (1)

The cable attenuation in dB is then added to this. This results in the noise factor NF, for the receiver
with the antenna cable. The sensitivity of the receiver with an original noise factor of 13 dB improves by
13 dB - NFy,; to -95 dBm - 13 dB + NF;;.

For the cable lengths examined here, this means:

Cable length NFot Receiver sensitivity

3m 4.62 dB = 4.6 dB -95dBm - 13 db + 4.6 dB = -103.4 dBm
5m 6.62 dB = 6.6 dB -95 dBm - 13 db + 6.6 dB = -101.4 dBm
10m 11.62 dB = 11.6 dB -95dBm - 13 db + 11.6 dB = -96.4 dBm
20m 21.62dB=21.6dB -95dBm - 13 db + 21.6 dB = -86.4 dBm
30m 31.62dB=31.6dB -95dBm - 13 db + 31.6 dB = -76.4 dBm

Tab. 2-2 Receiver sensitivity figures for the arrangement: Antenna — Cable — Preamplifier — Receiver

13



2 Sensitivity improvement by a preamplifier

24

Antenna — Preamplifier — Cable — Receiver

(1)

() (4)

Fig. 2-6 Antenna — Preamplifier — Cable — Receiver

(1) Antenna

(2) Preamplifier ZS60-0916LN-S+

(3) Cable

(4) Receiver

In the configurations examined so far, the logarithmic cable attenuation is added directly to the total noise
factor and, thus, to the receiver sensitivity. This can have a significant effect on longer cable lengths.

The best sensitivity is achieved when the preamplifier is connected directly to the antenna, i.e., in front
of the cable. Because the cable's attenuation can be added directly to the 13 dB noise factor of the
Wtrans TO1.ECI, this has the following effect on the total noise figure:

13 + Acable
10 12
Fopy = 1.15 + 22 ml "
total . 63
This results in the following values for the total noise figure and sensitivity:
Cable length Fiot NF ot Receiver sensitivity
3m 1.77 2.47dB -95dBm - 13 db + 2.5 dB = -105.5 dBm
5m 214 3.30dB -95dBm - 13 db + 3.3 dB = -104.7 dBm
10 m 4.30 6.34 dB -95dBm - 13 db + 6.3 dB = -101.7 dBm
20m 32.8 15.15dB -95dBm - 13 db + 15.2 dB = -92.8 dBm
30m 317.8 25.02 dB -95 dBm - 13 db + 25.0 dB = -83.0 dBm

Tab. 2-3 Receiver sensitivity figures for the arrangement: Antenna — Preamplifier — Cable — Receiver

A comparison with table 2 shows that this configuration significantly improves the sensitivity compared
to the arrangement in Fig. 2-4, particularly for long cable lengths.

14



2 Sensitivity improvement by a preamplifier

2.5 Antenna - Preamplifier — Bias tee — Cable — Bias tee — Receiver

In many cases, the scenario may require the operating voltage to be supplied directly to the preamplifier
via the HF cable. In this case, one bias tee is required at each end of the cable:

(1)

VDC lVDC
DC DC
(3) > (4)
RF RF+DC RF+DC RF

Fig. 2-7 Antenna — Preamplifier — Cable — Receiver, remote supply via bias tees

(1) Antenna

(2)  Preamplifier ZS60-0916LN-S+
(3) Cable

(4) Receiver

For the sensitivity calculation, this means that the insertion loss of 2 x a;gt from the two bias tees must
be added to the cable attenuation. The total noise figure is then:

13 + Acgpe + 2 ® Qg7
10

_ 10 1
Fiota = 1.15 + =

(13)

For the cable lengths examined here, this generates the following figures for the total noise figure Fy,
the corresponding noise factor NFy,, and the sensitivity for the entire receiver:

Cable length Fiot NFot Receiver sensitivity

3m 1.87 2.72dB -95dBm-13db + 2.7 dB = -105.3 dBm
5m 2.30 3.62 dB -95 dBm - 13 db + 3.6 dB = -104.4 dBm
10m 4.82 6.83 dB -95dBm- 13 db + 6.8 dB = -101.2 dBm
20m 38.0 15.80 dB -95dBm - 13 db + 15.8 dB = -92.2 dBm
30m 369.8 25.68 dB -95dBm - 13 db + 25.7 dB = -82.3 dBm

Tab. 2-4 Receiver sensitivity figures for the arrangement: Antenna — Preamplifier — Cable — Receiver in the event of
a remote preamplifier supply via bias tees

Compared with the configuration in Fig. 2-5, the sensitivity only deteriorates slightly in this arrangement.

15



2 Sensitivity improvement by a preamplifier

2.6

Antenna - Splitter/combiner — Cable — Preamplifier — Receiver

Splitters/combiners can be used to connect multiple antennas to one common receiver. In terms of the
sensitivity calculation, this scenario is very easy to deal with: ignoring the unlikely scenario that both of
the splitter/combiner's inputs are supplied with a signal from transmitters with exactly the same ampli-
tude and phasing, the splitter/combiner is represented by its insertion loss of 3.35 dB or 6.3 dB.

However, if the signal from a single transmitter is sent to two antenna and is then sent from there to the
two inputs in the splitter/combiner, the phase relations between the two signals have to be taken into
account: if the phase difference is zero or an integer multiple of 360°, the two signals are added together;
this results in a 3 dB increase to the signal level. If the phase difference is 180° or an odd multiple of
180°, the phases cancel each other out. This results in a directionality that deviates significantly from that
of the individual antennas: in some directions, the sensitivity improves slightly, while in others, reception
is lost altogether.

As a result of multipath propagation caused by reflections off walls, floors, buildings, etc., the electric field
strength at the point of reception can vary significantly. Moving a single antenna by just a few centimeters
can cause the received signal level to increase or decrease by up to 40 dB.

To combat this effect, which is known as fading, you can use multiple antenna, achieving something
known as antenna diversity. The basic idea behind antenna diversity is that the likelihood of all antenna
being located in an area with a very low field strength is lower than the likelihood of this being the case
for just one antenna.

However, in the case of antenna diversity, the signals from the individual antenna cannot simply be add-
ed together. This is because antenna diversity could result in the signals from two antenna canceling
each other out due to an unfavorable phase difference, if the two signal strengths received by the anten-
na are identical. Adding the signals from multiple antenna together always leads to the change in direc-
tionality described above.

If antenna diversity is going to be used to reduce the fading effect, either an HF toggle switch is needed
to alternately connect the two antenna to the receiver input, or each antenna must have its own receiver.
Another option is to apply in-phase addition to the signals from both antenna. However, this requires a
great deal of work, which is why this variant will not be examined further here.

The use of two or more antenna in conjunction with one splitter/combiner is therefore only recommended
if the individual antenna are going to receive signals from different sensors and the sensors are in differ-
ent rooms, for example, or the sensors are moving and there is a risk that they will move outside of one
antenna's reception range. In all cases, the effect of the change in directionality must be taken into ac-
count. The most favorable locations for the antenna must be determined in tests.

16



3 Summary and use in practice

The JUMO Wtrans TO1.ECI receiver was designed for use with a A/4 antenna on a wall-mounted anten-
na bracket. In electrical terms, this combination is a monopole antenna with a ground plane. If the an-
tenna is mounted directly on the receiver instead of on the wall bracket, a range decrease of up to 40 %
must be expected due to the lack of ground plane. When used in combination with the holder for wall
mounting and a 3-metre antenna cable, the receiver's sensitivity is typically -92 dBm. In a clear space,
data transmission can be achieved over a distance of around 300 m.

When using an antenna wall bracket, the antenna cable should be as short as possible. In this case, the
following rule applies: the longer the cable = the higher the attenuation, the lower the sensitivity, and the
lower the range. The antenna cables used by JUMO exhibit attenuation of around 1 dB/m.

Preamplifiers

Bias tees

A preamplifier can be used to increase the sensitivity of the receiver. If the distance is doubled in a clear
space, this increases attenuation by approx. 6 dB. Vice versa, increasing the transmission power by
6 dB almost doubles the range. Because data is not normally transmitted in a clear space but inside a
building, for example, a general rule of thumb is usually applied in practice: increasing the transmission
power by 10 dB (or improving sensitivity by 10 dB) causes the range to double.

Cable Receiver sensitivity [dBm]

length [m] | Combination A Combination B Combination C
Antenna — Cable — Receiver | Antenna — Cable — Pream- | Antenna — Preamplifier —

plifier — Receiver Cable — Receiver

(Fig. 2-4) (Fig. 2-5) (Fig. 2-6)

3 -92 -103.4 -105.5

5 -90 -101.4 -104.7

10 -85 -96.4 -101.7

20 -75 -84.4 -92.8

30 -65 -76.4 -83.0

Tab. 3-1 Receiver sensitivity in relation to cable lengths and receiver hardware arrangement

Example:

1) When using a 3-m antenna wire, integration of a preamplifier (combination A to B) can increase the
sensitivity from -92 dBm to -103.4 dBm. Inside a building, the rule of thumb states that this would
more than double the range.

2) If, in combination A, the cable length is changed from 3 m to 30 m and a preamplifier is connected
(combination B), the sensitivity will drop from -92 dBm to -83 dBm due to the significant increase in
the cable attenuation. In practice, this arrangement would only achieve half the range.

The second example demonstrates the significant impact achieved by cable length. Despite using a pre-
amplifier, it is impossible to balance out the attenuation of the 27-m longer cable, which causes the range
to fall.

If the preamplifier is on the antenna, the voltage supply for the preamplifier can be fed by the antenna
cable with the help of two bias tees. The bias tee only causes the sensitivity to decrease slightly.

Power splitters/combiners

A splitter/combiner can be used to connect multiple antennas to one common receiver or to connect mul-
tiple receivers to just one antenna. When using a power splitter/combiner, the power is divided between
the number of connections. The insertion loss is 3.35 dB (two connections) or 6.3 dB (four connections).

17



3 Summary and use in practice

When two antennas are connected to the receiver's antenna input, there is a risk that the signal received
from one transmitter will be overlaid by the two antenna, meaning it will be canceled out. Arrangements
with two antenna are therefore only recommended if the individual antennas are positioned so that they
receive signals from different sensors (for instance, if the sensors/antennas are in different rooms). The
correct locations for the antennas must be determined in tests.

Devices tested

Preamplifier: ZX60-0916LN-S+
Bias tee: ZFBT-4R2G-FT+
Power splitter/combiner: ZAPD1-S+ and ZB4PD1-930-S+
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