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Abstract
As the market for internet of things (IoT) is growing and due to Ofcom's decision to
reassign parts of the very high frequency (VHF) spectrum in the UK for IoT use, a
propagation study has been conducted using the newly released VHF spectrum and the
currently commercially operated ultra‐high frequency (UHF) spectrum, in order to
compare and contrast the suitability of the VHF spectrum for IoT use. The authors
conducted their study in a number of different environments (rural, suburban, urban and
dense urban), with measurement equipment deployed in a manner suitable for a portable
IoT use case. Results are presented in comparison to other propagation studies available
in the literature and widely used propagation models such as the Hata model. Shadowing
and noise are also measured and examined. It is found that current propagation models
do not provide adequate predictions within the considered use case, but found it is
possible to calculate log‐distance based models that provide good predictions. Path‐loss is
found to be constantly lower at VHF than UHF, but radio frequency noise is consistently
higher. The newly released spectrum is found to be suitable for IoT deployments in all
the examined environments.

1 | INTRODUCTION

The internet of things (IoT) is a rapidly growing sector of
communications technology, with 7 billion devices currently
deployed and up to 22 billion devices expected to be deployed
by 2025 [1]. With this large number of devices expected to be
in use, it is easy to see how existing spectrum resources may
become depleted. To alleviate this problem in the UK, the
telecommunication's regulator Ofcom began consultations in
September 2015, which led to the March 2016 approval for
very high frequency (VHF) spectrum at 55–68 MHz, 70.5–71.5
MHz and 80–81.5 MHz to be re‐purposed for use in IoT
applications [2]. Ofcom is currently intending to use this re‐
purposed spectrum in rural settings, such as smart farming, but
there is no reason this spectrum should not be considered for
urban use.

In order to examine the use of this newly re‐purposed
spectrum, a propagation study will be conducted using a
commercial off the shelf (COTS) software defined radio (SDR)
based instrument previously developed and described by the
authors of this paper in [3] and [4]. This instrument is spe-
cifically designed to operate within an IoT use case.

Current market leading IoT technologies such as LoRa
and Sigfox use the short range devices (SRD) band at ∽869
MHz [5, 6]. To gauge the performance of the re‐purposed
band in relation to these current technologies, the propaga-
tion study will also cover SRD spectrum at ∽869 MHz. The
work of authors will include comparisons between the
measured and modelled propagation of the two bands, as
well as the radio frequency (RF) noise measured and
predicted.

Due to more favourable propagation characteristics, such
as lower penetration loss and reduced scattering with longer
wavelengths [7], lower VHF spectrum could be exploited for
use in low power, high reliability communications systems [8].

The important contributions of the work of the authors to
the literature are:

1. Provide an IoT focused propagation study at ∽70 MHz,
which is a frequency not previously used for IoT

2. Provide comparisons between currently utilised IoT spec-
trum in the ∽869 MHz SRD band and the re‐purposed ∽70
MHz band, and identifying comparative strengths and
weaknesses.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is
properly cited.
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3. Provide comparisons between International Telecommuni-
cation Union (ITU) predictions (for propagation, noise,
shadowing and clutter) and an extensive set of real world
measurements.

4. Provide new propagation models for the measured re‐
purposed ∽70 MHz band based on the log‐distance path‐

loss model.

1.1 | Existing published propagation studies

The literature was reviewed for propagation studies involving
VHF, ultra‐high frequency (UHF) and IoT use cases. The
relevant identified studies are described as follows.

Faruk et al. [9] describe a path‐loss study focusing on the
effects of terrain elevation and urban clutter. Multiple mea-
surements are taken within urban and countryside environments
at distances up to 33 km, using the VHF and UHF bands and
compared to existing propagation models. TV transmitters were
used as the transmit signal (TX) for the study, so antenna heights
of 100 to 340 m and TX power of 1–7 kW are considered. The
most accuratemodel was found to be the ILORINmodel, which
is amodificationof theHata‐Davidsonmodel basedon empirical
measurements previously taken in and around Ilorin, Nigeria. As
the study was conducted in this area, it is no surprise that this
specially tailored model worked best. It was also discovered that
changes in terrain elevation introduce significant errors between
the path‐loss predictions of all the examined models and the
actual measurements.

Andrusenko et al. [10] studied urban short range (less than
1 km) VHF (30–88 MHz) propagation, mainly focusing on
indoor and indoor to outdoor propagation. Further, a propa-
gation model called general urban path‐loss (GUPL) is devel-
oped based on the log‐distance model, floor attenuation model
and experimentally collected data, some improved ideas pro-
posed previously by Devasirvatham et al. [11]. This model is
shown in (1), and the parameters calculated for outdoor urban
canyon propagation are: power exponent = 2.2, path‐loss
exponent = 1.8, attenuation constant = 0.06 dB/m and floor
attenuation factor = 0. The number of measurements for some
considered scenarios is as low as 3 measurements over a 90 m
TX (transmitter) to RX (receiver) separation, which is a very
low number to use for estimating model parameters in these
scenarios. This model will be compared to measurements taken
in our experiments.

GUPLðdBÞ ¼ −10log10
λ

4πd0

� �β
 !

þ10nlog10
d
d0

� �

þαd þ FAF
ð1Þ

where:
GUPL(dB) = Path‐loss (dB)
λ = Wavelength (m)
d0 = Reference distance in the far field region (m)
β = Power component

n = Path‐loss exponent
d = Distance between TX and RX (m)
α = Attenuation constant (dB/m)
FAF = Floor attenuation factor, based on the number of

building floors a signal passes through (dB)
A smart meter focused outdoor to indoor propagation

study was conducted by Fuschini et al. [12] at a frequency of
169 MHz, in order to match the European standard defined
SRD band frequency range for smart meters of 169.4 to
169.475 MHz [13]. A continuous wave (CW) signal with an
effective isotropic radiated power (EIRP) of 27 dBm was used
in the study, this is the maximum power level allowed by the
standard [13]. The TX was provided by a signal generator with
external amplifier and then fed to a yagi antenna. A directional
antenna such as this does not fit the smart meter use case and
would have caused fewer reflections than a less directional
antenna such as a dipole, which could affect the measured
propagation. The authors also investigate losses associated
with propagation through the fabric of a building (building
penetration loss) and losses associated with the positioning of
the meter within the building, such as within a metal enclosure
(installation loss). It was found that building penetration loss
could be represented by a log‐normal distributed variable, with
an average of 7.5 dB and a standard deviation of 4.5 dB.
Installation loss was found to be 7 dB when installed within a
metal grid and 13 dB when installed in a basement.

Ayadi et al. [14] describe a UHF propagation study that
collects path‐loss data in order to train a neural network to
produce a path‐loss model, which can then be compared to
other established models. This method was found to be able to
produce a model which was compared favourably with the
established models, but it had higher processing time and
memory requirements when used.

Sarkar et al. [15] analyse short range global system for
mobiles (GSM) signal propagation between 900 and 1800
MHz. Environments considered were urban, suburban, in-
dustrial and over water. A measurement campaign was con-
ducted using GSM base stations for TX and GSM mobile
phone handsets for RX, with measurement locations recorded
by GPS. It is concluded that at the measured frequencies the
propagation over ground is the dominant influence over path‐

loss, with environmental concerns such as trees and buildings
producing a secondary effect.

Dagefu et al. [8] analyse short range, low VHF ( ∽40
MHz), near ground indoor and indoor‐outdoor propagation at
distances of up to 200 m. Also, it focuses on measurements of
phase and channel transfer function. It is determined that the
low VHF band is a good choice for low power, low data‐rate
and short range communications with simple channel models
being able to reasonably predict real world performance.

El Chall et al. [16] investigated RF propagation for outdoor
(urban and rural) and indoor LoRaWAN deployments in the
868 MHz band. A commercial Pycom LoRa equipped trans-
mitter was used as a portable TX source, and a commercial
Kerlink LoRa gateway was used for RX. The RX gateway
provides received signal strength and signal‐to‐noise ratio as
the location of the TX is moved within each of the different
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environments. Parameters for the LoRa transmission were set
to provide the best sensitivity and therefore lowest data rate,
making the measurements only applicable to best case sce-
nario propagation LoRa deployments. Measurements
confirmed that the shadowing observed fits a Gaussian zero
mean distribution, as is widely used for modelling. New
models were developed, including corrections for antenna
height. A model for outdoor propagation was developed and
is given in (2).

PL¼ 10n log10ðdÞ þ PL0 þ Lhlog10ðhEDÞ þ Xσ ð2Þ

where:
PL = Path‐loss (dB)
n = Path‐loss exponent
PL0 = Path‐loss at reference distance
d = Distance between TX and RX (km)
Lh = Additional loss due to RX antenna height (dB)
hED = RX antenna height (m)
Xσ = Log‐normal shadowing (dB)
Calculated parameters for outdoor campus environments

are given in [16] as n= 3.12, PL0 = 140.7, Lh= −4.7 and σ = 9.7.
For Outdoor urban they are n= 4.179, PL0 = 102.86, Lh= −6.3
and σ = 7.2. For outdoor rural they are n= 3.033, PL0 = 111.75,
Lh = −6.65 and σ = 6.4. This model will be compared to mea-
surements taken in our work.

Sandoval et al. [17] examined path‐loss based on the
received signal strength indicator (RSSI) of deployed IoT
nodes of IEEE 802.15.4 standard at 2.4 GHz. The study
compares RSSI readings with readings from a vector network
analyser (VNA) and quantifies and accounts for errors made by
the nodes in RSSI readings. Once the errors were accounted
for, readings from the RSSI were found to be in close agree-
ment with VNA derived readings, showing that this method
can provide a low‐cost method of conducting propagation
studies.

Hejselbæk et al. [18] study the propagation for IoT devices
deployed near to ground in a forest environment at a frequency
of 917.5 MHz. Measurements were found to be in close
agreement to predictions made by the two ray model when
corrected for clutter loss. Measurements also showed agree-
ment with the model previously proposed by Tewari et al. [19]

Wang et al. [20] use an on body to on body device prop-
agation study to investigate and improve the security of IoT
devices, showing results which can be a motivating factor for
IoT propagation studies.

1.2 | Established propagation models

The propagation measurements taken by the authors will be
compared with predictions taken from currently available
propagation models. This will enable these models to be vali-
dated for the frequencies and environments studied here, or to
establish the requirement for a new model to be developed.
The models used are listed as follows:

� Free Space Path‐loss [21]. Included to provide a baseline
comparison using the simplest way to predict propagation.

� Two Ray Model [22]. Included to provide a slightly more
complicated comparison and investigate the accuracy of
modelling propagation in an urban or suburban environ-
ment with only two propagated rays (one line of sight, one
reflected). Can an urban canyon be accurately modelled
using only two dominant rays?

� Hata Urban [22]. A widely used empirical model for urban
mobile communications, valid for frequencies from 150 to
1500 MHz, distances over 1 km and TX antenna heights
over 30 m. This model is not valid for the use case here
(distances and antenna heights are much shorter), but it is
included to assess the use case against established, currently
utilised models for urban deployments.

� Hata Suburban [22]. Is an extension of the Hata model for
suburban deployments.

� Models identified in the literature review developed by
Andrusenko et al. [10] (GUPL) and El Chall et al. [16]
identified in Section 1.1

1.3 | Calculating a log‐distance propagation
model

The log‐distance propagation model given in (3) [22] is an
established way to produce environment specific models in
which the path‐loss increases with the log of the distance
between the TX and the RX according to specifically tailored
variables. This technique will be used with the measurements
taken in this study to provide a new model for comparison to
the existing models.

PLðdBÞ ¼ K þ 10γlog10ðdÞ þ XσdB ð3Þ

where
PL(dB) = Path‐loss (dB)
K = A constant, depending on antenna characteristics and

average channel attenuation [22]
γ = Path‐loss exponent
d = Distance between TX and RX (m)
XσdB = Log‐normal random variable with standard devi-

ation of σ (dB)
Linear regression to the measurements taken is used to

provide figures for K and γ in (3), further details can be found in
the author's previous paper [4]. The log‐normal random variable
relates to shadowing and will be dealt with in Section 1.4.

1.4 | Shadowing

A common way to represent shadowing within propagation
measurements is using a random variable with a log normal
distribution of a specific standard deviation, this is represented
in (3) by the variable XσdB.

WRIGHT AND BALL - 3



The International Telecommunications Union‐Radio-
communications Sector (ITU‐R) provide a method for pre-
diction of shadowing in large flat urban areas in their
recommendation ITU‐R P.1406‐2 [23] which is stated to be
valid from 100 MHz to 3 GHz, and this method is given in (4).

σL ¼ 5:25þ 0:42 log10
f
100

� �

þ 1:01 log210
f
100

� �

ð4Þ

where
σL = Standard deviation for a given length (dB)
f = Frequency (MHz)
This method is used to provide predictions which can be

compared to the measurements taken in order to verify the
validity of the method's possible use for the re‐purposed VHF
bands examined here. Using the model, the following shad-
owing standard deviation predictions were made: σL = 5.2 dB
at 71 MHz and σL = 6.5 dB at 869.525 MHz.

In order to obtain the measured shadowing from the
propagation measurements taken, each measurement is
compared with the linear regression model (excluding the
shadowing variable) shown in (3) at the same distance from the
TX as the measurement was taken. This can be seen in (5) [22]

σdB ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
n

X

n

i¼1
½MmeasuredðdiÞ −MmodelðdiÞ�2

s

ð5Þ

where
σdB = Standard deviation of the shadowing (dB)
n = Number of measurements taken
Mmeasured(di) = Propagation measurement at a given

distance
Mmodel(di) = Propagation prediction using linear regression

at a given distance
This gives the shadowing standard deviation, allowing the

model described in (3) to be completed. Further details can be
found in the author's previous paper [4].

2 | FIELD MEASUREMENTS

The instrument previously developed and discussed by the
authors in [3] and [4] is used to take path‐loss measurements.
This instrument consists of a SDR receiver, attached to a
Raspberry Pi and a GPS receiver. A sleeved dipole (2.15 dBi
gain) is used for UHF reception and a Helical antenna (−14
dBi gain) is used for VHF reception, in order to represent the
small, low efficiency antennas common in IoT applications. TX
is provided by a custom designed VHF transmitter and a Sil-
icon Labs Si106x wireless microcontroller unit development kit
[24] for UHF, both transmitters are connected to dipole an-
tennas (2.15 dBi gain) and transmit a CW signal with a con-
ducted power to the antennas of +9.5 dBm, giving an EIRP of
+11.65 dBm. Further details of the construction and calibra-
tion of the SDR‐based instrument can be found in Wright and

Ball [4]. The instrument is carried in a car around a pre-
determined area of interest; measurements of RX power and
GPS location are recorded in order to be processed in to path‐

loss information. It is likely that the measurements will be a
rich mixture of Line‐of‐sight (LOS) and Non‐Line‐of‐sight
(NLOS), due to the nature of the trials. It is not practical to try
and split the measured data on a point‐by‐point basis to ascribe
it to LOS or NLOS. Due to licences obtained from Ofcom, the
instrument operates at 71 MHz and 869.525 MHz, respectively.

The instrument measures RF noise by examining the Fast
Fourier transform (FFT) it has produced of the measured
spectrum. A peak detection algorithm is performed on the FFT
and all FFT bins where a peak has been detected are assumed to
contain a signal and are discarded, the remaining bins are
assumed to contain no signal and only noise. These bins are then
averaged across the FFT to give a value in dBm for the average
noise in the measured bandwidth. The instrument records 5000
samples taken at a sampling frequency of 2.048 MHz, which
gives a resolution bandwidth of 409.6 Hz for the FFT.

The following subsections provide details of the areas where
measurements are taken, including location coordinates for the
transmitters, antenna heights and a map of the areas with indi-
vidual measurement locations indicated. Multiple diverse loca-
tions were chosen for measurements in order to provide
information across dense urban, urban, suburban and rural en-
vironments. As it was not possible to have the TX antennas
deployed at the same height in all environments, and moreover a
street level deployment was not practical in a city centre and no
tall buildings were available in the rural environment, the study
was restricted to accessible and secure locations only.

2.1 | Rural (Burniston)

Measurements were taken in and around the rural village of
Burniston, near Scarborough, UK. The area consists of farm
land, woods and small residential settlements. A map of the
area with measurement and TX locations can be seen in
Figure 1. The TX is located at the approximate coordinates
−0.449, 54.323 with an antenna height of 2 m. The instrument
conducted 725 measurements from which 89 detections of the
71 MHz signal and 134 detections of the 869.525 MHz signal
were registered.

Calculated path‐loss measurements for VHF and UHF are
shown in Figure 2 along with the calculated log‐distance model
and shadowing standard deviation given in (6) and (7).

The RF noise measured in the area during the test is shown
in Figure 3

PL71ðdBÞ ¼ 64:2þ 13:8 log10ðdÞ þ X6:1 dB ð6Þ

PL869ðdBÞ ¼ 92:8þ 13:4 log10ðdÞ þ X6:5 dB ð7Þ

The calculated path‐loss exponent for the fitted rural
models in (6) and (7) show a result lower than 2. This is very
unusual, but can occur with constructive ray interference and
has been seen elsewhere within buildings [7] and in vehicle to
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vehicle propagation studies [25]. We also note that the fixed
loss parameter K for the rural models is very high, suggesting
the propagation was subject to very significant fixed loss,
possibly skewing the model and resulting in the lower slope
parameter. However, the model does have a good overall fit to
the measured data, as seen by the R2 values in Tables 1 and 2.
Care should be taken in field tests to try and minimise any
initial deployment fixed losses, to reduce this skewing of the
fitted models. The high fixed loss also led to less signal de-
tection's being registered for both frequencies in this envi-
ronment, when compared to the other environments in this
section.

2.2 | Suburban (Wakefield)

Measurements were taken around a suburban area of
Wakefield, UK. The area consists of residential, parkland
and low rise warehouses. A map of the area with mea-
surement and TX locations can be seen in Figure 4. TX is
located at the approximate coordinates −1.505, 53.715 with
an antenna height of 4 m. The instrument conducted 2101
measurements from which 826 detections of the 71 MHz
signal and 901 detections of the 869.525 MHz signal were
registered.

Calculated path‐loss measurements for VHF and UHF are
shown in Figure 5 along with the calculated log‐distance model
and shadowing standard deviation given in (8) and (9).

The RF noise measured in the area during the test is shown
in Figure 6

PL71ðdBÞ ¼ 8:5þ 34:0 log10ðdÞ þ X5:5 dB ð8Þ

PL869ðdBÞ ¼ 36:5þ 33:2 log10ðdÞ þ X8:0 dB ð9Þ

2.3 | Urban (Sheffield)

Measurements were taken in and around the city centre of
Sheffield, UK. The area consists of retail, high rise residential
and low rise industrial. A map of the area with measurement
and TX locations can be seen in Figure 7. The TX is located at
the approximate coordinates −1.477, 53.382 with an antenna
height of 10 m. The instrument conducted 999 measurements
from which 280 detections of the 71 MHz signal and 418
detections of the 869.525 MHz signal were registered.

Calculated path‐loss measurements for VHF and UHF are
shown in Figure 8 along with the calculated log‐distance model
and shadowing standard deviation given in (10) and (11).

F I GURE 1 Locations of TX and
Measurements in the Buriston area.
Underlying map ©OpenStreetMap
contributors www.openstreetmap.org/
copyright

F I GURE 2 Burniston propagation results for VHF and UHF
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The RF noise measured in the area during the test is shown
in Figure 9

PL71ðdBÞ ¼ 16:8þ 34:2 log10ðdÞ þ X8:1 dB ð10Þ

PL869ðdBÞ ¼ 19:1þ 38:9 log10ðdÞ þ X7:9 dB ð11Þ

2.4 | Dense urban (Leeds)

Measurements were taken in and around the city centre of
Leeds, UK. The area consists of retail, commercial and high
rise residential. The area was chosen as dense urban over the
Sheffield area due to the presence of many more tall buildings
and the city's higher population. A map of the area with
measurement and TX locations can be seen in Figure 10. The
TX is located at the approximate coordinates −1.536, 53.794
with an antenna height of 20 m. The instrument conducted
1248 measurements from which 503 detections of the 71 MHz
signal and 517 detections of the 869.525 MHz signal were
registered.

Calculated path‐loss measurements for VHF and UHF are
shown in Figure 11 along with the calculated log‐distance

model and shadowing standard deviation given in (12) and
(13).

The RF noise measured in the area during the test is shown
in Figure 12

PL71ðdBÞ ¼ 43:7þ 21:1 log10ðdÞ þ X8:9 dB ð12Þ

PL869ðdBÞ ¼ 48:9þ 27:4 log10ðdÞ þ X7:9 dB ð13Þ

Tables 1 and 2 showa summaryof the path‐loss exponent (γ),
channel constant (K), shadowing (σ) and theR2fit for the straight
line component of each model in the different environments.

3 | RESULTS

The measurements taken, which are described in Section 2 are
now analysed here. Attention will be directed to path‐loss
measurements and their comparisons with model predictions
in Section 3.1, the measured shadowing and predictions in
Section 3.2, the measured noise in Section 3.3 and the effects
of correcting free space and two ray models for extra clutter
loss (including knife‐edge diffraction) on the prediction accu-
racy of these models in Section 3.4.

F I GURE 3 Burniston noise measurements for
VHF and UHF

TABLE 1 Summary of The calculated log‐distance parameters at VHF

Environment γ K σ (dB) R 2

Rural 1.38 64.2 6.1 0.43

Sub‐urban 3.40 8.5 5.5 0.80

Urban 3.42 16.8 8.1 0.66

Dense urban 2.11 43.7 8.9 0.38

TABLE 2 Summary of the calculated log‐distance parameters at UHF

Environment γ K σ (dB) R 2

Rural 1.34 92.8 6.5 0.41

Sub‐urban 3.32 36.5 8.0 0.66

Urban 3.89 19.1 7.9 0.64

Dense urban 2.74 48.9 7.9 0.53
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3.1 | Path‐loss

The measurements and calculated models from Section 2 are
compared with the established propagation models discussed
in Section 1.2. The root mean squared error (RMSE) between
the predictions and the measurements (ERMS) are given in
Table 3 for Rural Burniston, Table 4 for suburban Wakefield,
Table 5 for urban Sheffield and Table 6 for dense urban Leeds.

Table 3 shows the calculated model produced by the au-
thors' work best matches the rural measurements. No standard

models produce good predictions at VHF or UHF, though the
predictions are significantly better at VHF.

Table 4 again shows that our calculated model best fits the
suburban measured data at VHF and UHF. Two‐Ray, Hata
Urban and Hata Suburban produce comparable results to our
model at VHF. This is surprising because the Hata models are
not recommended for use in the VHF frequency examined
here. Hata models are recommended for use in the UHF
frequency, so a better performance would be expected from
the models at UHF than VHF. No other standard model

F I GURE 4 Locations of TX and
Measurements in Wakefield. Underlying map
©OpenStreetMap contributors www.openstreetmap.
org/copyright

F I GURE 5 Wakefield propagation results for
VHF and UHF

WRIGHT AND BALL - 7



produces good results at either frequency, though again the
predictions are better at VHF.

Table 5 shows that our calculated model gives the best fit
to the urban measurement data at VHF and UHF. No standard
model produces good results at either frequency, though again
the predictions are better at VHF.

Table 6 once again shows that our calculated model
produces predictions that best fit the dense urban
measured data. No standard model produces good results
at either frequency, though again the predictions are better
at VHF.

It is perhaps not surprising that our calculated log‐distance
model performed best in all environments at both VHF and
UHF, and this model was directly based on the measured re-
sults for each environment. It is, however, surprising that the
Hata Urban and Suburban models consistently performed
better outside their stated frequency range (VHF) than within
(UHF). The GUPL and El Chall models both failed to produce
accurate results even though they are based on measurements
from similar environments, which suggests that a model that is
very tailored to a particular place may not transfer very well to
other places, even when the environment is similar.

F I GURE 6 Wakefield noise measurements for
VHF and UHF

F I GURE 7 Locations of TX and
Measurements in Sheffield. Underlying map
©OpenStreetMap contributors www.openstreetmap.
org/copyright
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The calculated log‐distance path‐loss models for both
frequencies in all locations are compared in Figure 13. This
shows that path‐loss is consistently lower at VHF than at
UHF. This is a expected behaviour and shows that VHF
retains an advantage for long distance communications even
in urban areas when using the use case set out in this study.
At both VHF and UHF the loss for the urban environment
is very high, which is due to a very high fixed loss (K)
present in the data, with then only a slight fitting slope

needed. This can possibly be attributed to the deployment
of the TX very close to a building in an area surrounded by
trees.

Table 7 shows the measured path‐loss exponents of the
calculated log‐distance models that were produced for both
frequencies in all environments. Expected behaviour would
be to see higher path‐loss exponents for UHF over VHF
within each environment and also for path‐loss exponents to
increase when moving to a more cluttered environment.

F I GURE 8 Sheffield propagation results for
VHF and UHF

F I GURE 9 Sheffield noise measurements for
VHF and UHF
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However, the actual behaviour seen with the measurements
show that in both rural and suburban environments the
path‐loss exponents are roughly similar at VHF and UHF.
For environments with more clutter the path‐loss exponent
does tend to increase as predicted, except for dense urban.
This can be attributed to the high antenna height use in the
Leeds test, which is twice as high as the urban test antenna,
placing it above much of the surrounding clutter and pro-
ducing a scenario with much better propagation characteris-
tics than the tests with antennas much closer to ground or
located amongst a much taller clutter.

3.2 | Shadowing

The measured shadowing is compared to the prediction given
by the ITU recommendation ITU‐R P.1406‐2 [23] discussed in
Section 1.4. The log‐normal shadowing standard deviation
values for 71 and 869.525 MHz within each test area are given
in Table 8. El Chall et al. [16] also provide predictions for
shadowing in LoRa deployments as part of their model,
campus = 9.7 dB, urban = 7.2 dB and rural = 6.4 dB.

The predictions given by the ITU are a little lower than the
measurements, and at VHF, the measurements differ by the

F I GURE 1 0 Locations of TX and
measurements in Leeds. Underlying map
©OpenStreetMap contributors www.openstreetmap.
org/copyright

F I GURE 1 1 Leeds propagation results for VHF
and UHF
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following; rural= 0.9 dB, suburban= 0.3 dB, urban= 2.9 dB and
dense urban = 3.7 dB; at UHF, the measurements differ by the
following; rural= 0.0 dB, suburban= 1.5 dB, urban= 1.4 dB and
dense urban= 1.4 dB. Considering that the ITU prediction is for
flat urban areas and not all areas measured were flat or urban,

some deviations from the predictions were expected. Table 9
shows the variation of the height above sea‐level for the mea-
surements locations.

F I GURE 1 2 Leeds noise measurements for
VHF and UHF

TABLE 3 RMSE Between Measurements and Established Models
Predictions in the Rural Environment

Model

ERMS (dB)

VHF UHF

Free space 37.6 63.7

Two‐ray 11.9 24.9

Hata urban 13.4 22.5

Hata suburban 13.0 27.3

GUPL 59.8 72.4

El Chall ‐ 24.5

Calculated model 6.1 6.5

TABLE 4 RMSE between measurements and established models
predictions in the suburban environment

Model

ERMS (dB)

VHF UHF

Free Space 37.2 63.8

Two‐Ray 9.8 34.6

Hata Urban 6.6 29.8

Hata Suburban 10.4 35.3

GUPL 21.8 37.0

El Chall ‐ 40.4

Calculated model 5.5 8.0

TABLE 5 RMSE between measurements and established models
predictions in the urban environment

Model

ERMS (dB)

VHF UHF

Free Space 44.6 60.8

Two‐Ray 26.6 39.9

Hata Urban 18.7 31.9

Hata Suburban 24.0 37.4

GUPL 25.9 33.0

El Chall ‐ 40.4

Calculated model 8.1 9.0

TABLE 6 RMSE between measurements and established models
predictions in the dense urban environment

Model

ERMS (dB)

VHF UHF

Free Space 38.6 61.5

Two‐Ray 21.4 43.0

Hata Urban 13.3 33.2

Hata Suburban 17.5 38.7

GUPL 67.2 28.3

El Chall ‐ 39.1

Calculated Model 8.9 7.9
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For VHF, measurements show greater shadowing in rural
areas than suburban, but shadowing is shown to increase as the
urban environment increases in density, as expected. UHF
measurements show lower shadowing for rural areas, but there
is consistent shadowing as the urban density increases, mean-
ing the increase in density has no further effect on shadowing.
UHF measurements match well with the measurements made
by El Chall et al. for LoRa deployments. Shadowing values are
very similar at both VHF and UHF, except for the suburban
environment, no frequency shows a clear advantage over the
other.

3.3 | Noise

The average noise level and the standard deviation of this
average for each environment and frequency are compared
here, which is shown in Table 10. All noise measurements are
made within a 409.6‐Hz bandwidth.

At VHF, the average noise level roughly increases as the
density of human activity increases from rural to dense urban,
which suggests that the presence of more electronic devices
and human activity increases the noise in the environment. At

UHF, the average noise level does not increase in the same way
and is constant across the environments, suggesting that the
noise may not be as dependent on human activity. By
inspecting the standard deviation results in Table 10 and Fig-
ures 3, 6, 9 and 12 it is possible to see that there is a greater
variation in the noise measurements at both frequencies within
the urban environment than within any other in environment.
The measurements for the urban environment were performed
during the normal working day, whereas the other environ-
ments were measured outside these times at weekends and
evenings. This suggests that the higher human activity during
the work day may create a more diverse RF environment and
add a time‐dependant factor to the levels of noise present in
these environments.

3.4 | Extra clutter Loss

The ITU provides a model for the prediction of extra loss
due to clutter, including knife‐edge diffraction, in ITU‐R
P.2108‐0 [26] which is shown in (14) and (15). The model is
valid for terminals deployed below the level of the repre-
sentative clutter height at frequencies between 30 MHz and
3 GHz.

By changing the value for representative clutter height
between the values recommended by the ITU, 10 m for rural
and suburban, 15 m for urban and 20 m for dense urban [26], it
is possible to calculate the extra loss predicted in each envi-
ronment. This extra loss can be added to the free space
path‐loss and two ray model to act as a form of correction
factor to make these models more accurate to the measured
data. Table 11 shows the extra clutter loss results predicted by
the ITU model.

F I GURE 1 3 Comparison of the calculated
models for all the considered environments

TABLE 7 Comparison of path‐loss exponents from the calculated
model for VHF and UHF in all environments

Environment VHF (γ) UHF (γ)

Rural 1.38 1.34

Suburban 3.40 3.32

Urban 3.42 3.89

Dense urban 2.11 2.74
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Ah ¼
JðνÞ − 6:03 for all Urban

−Kh2 log10ðh=RÞ for Rural

�

ð14Þ

where:
Ah = Additional loss due to clutter (dB)
J(ν) = Single knife‐edge diffraction loss estimate, given by

(15)
Kh2 = 21.8 + 6.2 log 10( f )

JðνÞ ¼ 6:9þ 20log10
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðν − 0:1Þ2 þ 1
q

þ ν − 0:1
� �

ð15Þ

where:
J(ν) = Single knife‐edge diffraction loss estimate
ν = Knu

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

hdiffθclut
p

hdiff = R − h (m)
θclut = tan−1 hdiff

ws

� �

(degrees)

Knu = 0:342
ffiffiffi

f
p

f = Frequency (GHz)
ws = Relates to width of street (m) default = 27
R = Representative clutter height (m)
h = Antenna height (m)

Table 12 shows the RMSE (ERMS) of both the free
space path‐loss model and the two ray model when addi-
tional clutter losses from Table 11 are incorporated in to
each model, considered against the measurements taken in
each environment at VHF and UHF. Using previous results
shown in Tables 3, 4, 5 and 6, the cluttered and uncluttered
free space RMSEs are compared to see if the RMSE to the
measurements has been decreased by the addition of clutter
to the model, and the same process is performed with the
cluttered and uncluttered two ray models. The difference
between cluttered and uncluttered for each model is noted
in the table by Edif, a negative difference suggests the RMSE
has decreased and the model has therefore become more
accurate, a positive difference suggests the RMSE has
increased and therefore the model has become less accurate.

In almost all the scenarios considered, the addition of
clutter loss increased the accuracy of the models predictions by
a significant amount, which is shown by Eimp in Table 12, with
the best case improving by 24.5 dB. This improvement is ex-
pected because clutter loss is a very important mechanism
affecting propagation, so adding a consideration of its effects
will produce a more complete model. However, none of the
corrected free space models predictions came close to the

TABLE 8 Observed and Predicted Shadowing Standard Deviation

Frequency ITU Prediction (dB) Rural (dB) Suburban (dB) Urban (dB) Dense urban (dB)

VHF 5.2 6.1 5.5 8.1 8.9

UHF 6.5 6.5 8.0 7.9 7.9

Abbreviation: ITU, International Telecommunication Union.

TABLE 9 Height of the recorded measurements above sea‐level in
each environment

Environment

Mean (m)

Standard
deviation
(m)

Maximum
(m)

Minimum
(m)

VHF UHF VHF UHF VHF UHF VHF UHF

Rural 66.0 79.0 27.2 36.9 197.3 186.4 42.4 36.9

Suburban 76.4 73.7 10.2 14.6 99.7 106.4 26.5 23.1

Urban 84.5 77.1 21.1 20.4 154.7 158.3 47.9 47.2

Dense urban 37.9 37.4 10.8 9.7 82.7 71.5 11.3 4.9

TABLE 10 Analysis of the Noise Measured in Each Environment

Environment

Mean (dBm)
Standard deviation
(dBm)

VHF UHF VHF UHF

Rural −119 −135 3.2 1.0

Suburban −125 −135 1.4 1.3

Urban −123 −133 4.6 3.3

Dense urban −127 −135 1.6 1.1

TABLE 11 ITU predicted extra clutter loss from Equation (14) for all
considered environments and frequencies

Environment VHF (dB) UHF (dB)

Rural 12.1 17.7

Suburban 8.6 18.6

Urban 11.8 22.4

Dense urban 14.2 24.9

Abbreviation: ITU, International Telecommunication Union.

TABLE 12 RMSE between extra clutter loss inclusive models and the
measured path‐loss, including the change in RMSE between corrected and
uncorrected models

Environment

Free Space with clutter Two ray with clutter

E RMS (dB) E dif (dB) E RMS (dB) E dif (dB)

VHF UHF VHF UHF VHF UHF VHF UHF

Rural 25.8 46.2 −11.8 −17.5 17.6 13.2 5.7 −11.7

Suburban 28.8 45.5 −8.4 −18.3 5.9 17.2 −3.9 −17.4

Urban 33.1 38.9 −11.5 −21.9 15.8 18.8 −10.8 −21.1

Dense urban 25.0 37.0 −13.6 −24.5 11.7 19.3 −9.7 −23.7
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accuracy of the Hata or calculated models. The corrected two
ray model performed better, especially at the UHF, where the
accuracy was much better than the Hata models, but not as
good as the calculated models.

4 | CONCLUSION

It has been shown that the current mainstream propagation
models do not accurately predict the propagation loss of an IoT
deployment at the frequencies of 71 and 869.525 MHz within
rural, suburban, urban or dense urban environments with RX
antennas deployed close to ground. It has also been shown that
the propagation at these frequencies and within these environ-
ments can be accurately modelled using a conventional log‐dis-
tance model with the correct parameters. Measured path‐loss is
shown to be consistently lower at VHF than UHF, meaning that
even with the low efficiency helical antenna used in this study to
simulate an IoTdeployment,VHFretained its advantage for long
distance communication in all the studied environments. Shad-
owingwas shown tobe close to predicted levels atVHFandUHF
in all environments, with no frequency having a clear advantage.
The recorded RF noise was measured and found to be consis-
tently lower at UHF than VHF, and interesting differences were
seen in the variation of individual noisemeasurements (shownby
the standard deviation of the average noise), possibly relating to
the time of day the measurements were taken. These results
suggest that the newly repurposed VHF spectrum is suitable for
IoT deployments in all the environments studied when
compared to the currently utilised UHF spectrum.

Future work will attempt to measure the RF environment
over a longer time period at static locations in order to discover
if the RF noise, and indeed other propagation readings, has a
time dependant factor to them possibly related to the intensity
of human activity or other factors.
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