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Abstract 

Wireless communication systems rely on the radio channel. The characteristics of each channel define 

the limiting performance of the communications system, and so must be understood. This requires 

accurate measurement equipment to sound the channel in representative scenarios. Channel Sounders 

are themselves radio systems, thus benefitting from advances in RF engineering and signal 

processing. 

This thesis by publication encompasses six novel, relevant, published works: contributing three 

portable channel sounders with field test results, and three RF systems applicable in sounders.  

High performance, portable sounders for VHF / UHF and 28 GHz are created and subsequently used 

in novel use cases to elicit new channel propagation models. The VHF / UHF sounder had a 

measurement floor of -130 dBm. In suburban settings, it showed channel reflection delays did not 

exceed 1 µs over 4 km. The 28 GHz sounder had a path loss measurement capability of 139 dB, and 

over 1km identified that near-ground, line-of-sight, path losses approximate free space. 

Predicting the RF performance and power efficiency of downconversion mixers is vital in system 

design. A novel technique to predict the relationship between DC bias and local oscillator power is 

identified and related to RF mixer gain and linearity. The techniques predict conversion gain within 

2.5 dB of measured PCB results at 26 GHz. 

Three new works contribute to Time Modulated Arrays (TMAs). Cancellation of a non-steerable 

beam is the contribution of one work: achieving measured array gains within 1 dB of theory at 5.8 

GHz. A receiving TMA is also created, uncovering a novel technique to combine TMA beam steering 

and subsamplingï named the Subsampling TMA (STMA), with measured array gain within circa 2 

dB of prediction. Finally, a 5.8 GHz channel sounder using a transmitting TMA is introduced - using 

a new signal processing approach enabling concurrent, time aligned, angle of departure channel 

measurements. The sounder measurement floor was -120 dBm. 
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1.  Introduction  

Over his professional career, the author has been fortunate to be involved in, or lead, the design of 

some challenging and fascinating RF hardware and radio systems. One common link between these 

various systems has been their need to be optimised for the available radio channel. Sometimes this 

has been for in-building systems, with many reflections. For other systems this has been outdoors, 

with few reflections. 

To get the best from a radio system requires it to be optimised for the available channel. This requires 

accurate measurements of the channel, in the use-cases that will represent its intended deployment. 

The measurement of the channel response can be considered in simple terms of time domain 

(reflections) and frequency domain (usable bandwidth, spectral shape). However, the measurement of 

the associated parameters is far from trivial, often requiring either expensive lab equipment or the 

creation of complex, bespoke equipment. 

In the research presented in this thesis and associated published papers, activities are presented on 

channel sounding hardware and supporting algorithms. This includes using the systems to perform 

measurements in the field. The full sounder systems described range from VHF/UHF to 28 GHz 

mmWave. In addition, hardware research for RF circuits and systems that have a more general 

application but can also be used in channel sounders are presented. How these systems could be used 

in channel sounders is discussed.  

Modern society depends on radio systems more than ever. By the end of 2022 there were 1.3 billion 

predicted 5G connections across the globe [10]. However, the world is still not fully connected, and it 

is estimated that a third of the population are not yet connected to the internet, though as of late 2022 

an estimated 5.3 billion people are using the internet [11]. This illustrates that much future growth in 

radio communications can still be expected. 

Although spectrum is a finite resource, there seems to be a constant requirement to move services to 

new bands or repurpose familiar spectrum. An example is the recent emergence of cellular operator 

interest in 5G ómid bandsô (3.5 GHz ï 6 GHz) and 6G óupper/mid bandsô (7 GHz ï 24 GHz). Since 

the usage of the spectrum changes and so do the use cases then the channel models will also change. 

5G technology has allowed operators and manufacturers to explore new scenarios, enabled by the now 

practical RF hardware that was not available until recent years. An example is the active research and 

trials in non-terrestrial networks [12]. LEO and GEO earth-space links have been studied for many 

years, but rarely before today for use cases involving mobile devices with small antennas. 

Radio communication spectrum usage is also now extending up into mmWave frequencies (circa 30 

GHz and upwards) and up into sub-THz frequencies (circa 100-300 GHz). A recent example of such 

usage demonstrated a D band link from a mobile phone sized prototype over 200 m and providing 2 

Gbit/s link [10]. Many 5G mobile phones already have mmWave radio capability (circa 24-28 GHz or 

39 GHz) and can be used on some commercial networks [11]. 

Good and accurate channel models enable realistic link budgets to be planned. This in turn can allow 

lowest possible TX powers for a use case and required performance, so leading to power efficient 

systems. As carrier frequencies increase this becomes increasingly important for the health and safety 

of the user who is exposed to the RF power. There have been attempts to model the safe thermal 

limits for RF exposure for some time, though only more recently has this been studied at mmWave 

[13]. Indeed, recent research is finding that even what was previously thought to be a safe level of 

exposure may still be high enough to potentially lead to biological effects [14]. 
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The emergence of 6G as the successor to currently deployed 5G cellular systems has brought forward 

many new use cases, requiring research and new radio system development [15], [16], [17], [18], [19], 

[20]. 

This includes a new paradigm of joint communication and sensing [21], representing a very different 

set of potential propagation use cases. Link budget prediction in mmWave bands is now more 

practical than only a few years ago thanks to measurement campaigns and the resulting standards and 

recommendations [22], [23], [24]. 

In the future, radio systems using the THz bands are envisioned for mobile 6G communications over 

short links [25], [26]. Novel concepts allowing the THz communications to also be used to monitor 

the environment by examining the changes in absorption during communications use have been 

suggested [27]. The spectrum being considered for future enhancements to 5G and new 6G systems is 

shown in Figure 1 [26]. 

 
Figure 1. 5G and 6G mobile spectrum [26]. 

 

1. 1. Structure of Thesis 
This thesis now continues in Chapter 1 with an introduction to the technical topic of channel 

sounding. In Chapter 2 some channel sounding use cases are introduced, illustrating the variety 

required, and the papers constituting this thesis are first introduced. Chapter 3 presents current 

strategies used to implement channel sounders, leading to some identified gaps in research. The 

relationships between the published papers and the overall thesis research theme are discussed in 

Chapter 4. The published papers are reproduced in Chapters 5-10 (author-accepted versions, due to 

copyright requirements of the publishers). Chapter 11 concludes the thesis with a discussion on the 

papers and recommendations for future work are made in Chapter 12. 

 

1. 2. The Need for Channel Sounding 
All radio communications systems use a channel. In wireless radio systems the air and radio-reflective 

environment defines the channel. For a radio system to operate at best performance, it must be 

optimally designed for the channel it will use. This can include considerations of antennas, link 

budget, modulation types, and channel equalisation. If the radio is properly designed for the channel, 

then it can make maximum use of the available capacity (bits/second/hertz) and minimise the required 

TX power for a required bit error rate (BER).  
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The maximum channel capacity C is found from the well-known Shannon Theorem (1), where BW is 

the channel bandwidth, S is the signal power and N is noise power (or interference). 

ὅ ὄὡÌÏÇρ  b/s      (1) 

Though useful for setting an upper performance limit, (1) assumes an ideal flat channel. Hence, the 

starting point for good radio design is a proper understanding of the real channel in a range of relevant 

bandwidths (BWs). This, in turn, requires techniques to measure the channel, which is the focus of 

this thesis. Channel sounding is important for all radio communications systems, from on-body and 

IoT through to mobile and satellite systems. There are very many radio channel realisations, with 

some examples shown in Figure 2. 

 
Figure 2. Examples of different real-world radio channel scenarios [images from PickPik, Wikimedia, Pexels, Pixabay]. 
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The channel implicitly includes the operational scenarios and use cases that the radio system will 

inhabit. Therefore, it is also important that the channel is measured (sounded) in representative use 

cases. This can become extremely challenging for many use cases, where test kit may be too 

expensive or bulky to deploy, if available at all at the frequency of interest. Overall, this can lead to 

only generic channel soundings being possible, which may not fully represent the channel of interest. 

The channel can depend on both permanent and temporal effects, for example some researchers have 

tried to model and predict channel propagation as a function of environmental conditions, such as 

weather [28]. The effect of propagation through trees and plant material can be very significant, with 

even wind effects on leaves causing a need for dedicated channel modelling [29]. 

 

Some of the key aspects in channel models and their measurement are now briefly discussed in the 

following subsections. 

1. 3. Channel Impulse Response 
The time domain channel impulse response can be represented by (2) [30], where †is kth path delay 

of arrival and ‌Ὡ  is kth path amplitude and phase components. Parameter ‏ is the Dirac impulse 

function. It can be seen from (2) that a channel can be represented as a set of tap-delays with complex 

scalings. 

Ὤ† В ‌Ὡ †‏ †       (2) 

 

1. 4. Path Loss 
The Path Loss (PL) is the RF attenuation provided by the channel. It is the key criteria in assessing a 

channel, since the target radio system will have a limit on what PL it can accept for a given minimum 

signal to noise ratio (SNR) for meeting a required error vector magnitude (EVM) or subsequent bit 

error rate (BER). 

 

There are some common models used for PL, which will now be introduced. The PL is usually 

specified in dB, often as a log-normal equation model fitted to measured data using the Floating 

Intercept or Close-In models. The Floating Intercept form is shown in (3) [31]. 

 

ὖὒͅὊὍὨ ὃ ὲρπÌÏÇὨ ὢ  dB           (3) 

 

In (3) A is the fixed loss component, n is the log-distance scaling term for distance d and X  is a 

Gaussian normal random variable with zero mean and standard deviation ů dB, usually representing 

log-normal shadowing effects. The parameters for the floating intercept model are obtained through 

fitting to the measured data. 

 

An alternative PL format is the Close-In model, which has a similar form to (3) but uses a defined 

reference distance d0 and is represented by (4) [32]. PL(d0) is the Free Space Path Loss (FSPL) at 

distance d0 (commonly set to 1 m). Only parameter n needs to be found by fitting to data. 

ὖὒͅὅὍὨ ὖὒὨπ ὲρπÌÏÇ ὢ           (4) 

As the most basic and well-known example of PL, simple FSPL is modelled using (5). Though 

simple, it still provides an interesting comparison for any measured data and is often a good 

approximation for satellite links. 

 

ὊὛὖὒὨ ςπÌÏÇ  dB             (5) 
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In (5) ɚ is the carrier wavelength, and the equation can be readily seen to map to the format of (4). 

 

ὊὛὖὒὨ ςπÌÏÇ ςπÌÏÇ  dB         (6) 

 

In scenarios where a single dominant reflection from ground is expected, a 2-ray reflective earth (RE) 

model can often be used, defined by (7) [33]. In (7), the height of the TX antenna is Ht and the height 

of the RX antenna is Hr. It should be noted that [7] is in practice a simplification and, for example, 

may not be valid for very high antennas with heights comparable to d. 

 

ὖὒͅὙὉὨ ςπÌÏÇὌὌ τπÌÏÇὨ dB           (7) 

 

The choice of modelling approach will depend on the measured environment, data and approach of 

the researcher. It is common to compare field measured propagation data to different published 

propagation models. Fitting the measured data to several of the above models enables comparisons 

with the works of others. It is common to compare an extracted model from a field test to FSPL and 

RE, to help obtain an intuitive feel for the channel (no reflections, 2 ray RE, etc). Other formats of PL 

models are used in the literature, but (3) is sufficiently generic, practical and commonly used by 

researchers and so is used in this thesis.  

 

1. 5. Fading 
Fading represents changes to signal power that may vary with time, or small changes in location that 

are not related to PL geometry. Fading can be considered as large-scale fading (e.g. shadow fading 

due to path obstructions) and small-scale fading (leading to power delay profile, delay spread and 

angular spread). 

 

In PL measurements using (3) or (4) ὢ  for shadowing can be calculated using (8) [34], where W is 

the number of data points, PLdata is the path loss measured and PLmodel is the path loss predicted by (3) 

or (4) with ὢ  set to zero.  

„ В ὖὒ Ὧ ὖὒ Ὧ        (8) 

 

1. 6. Power Delay Profile and Delay Spread 
When a signal passes through a reflective channel, the different transmission paths will give rise to 

differing times of signal arrival at the destination. These multiple delayed arrivals give rise to a spread 

in time ï hence leading to a delay spread (DS).  This arrival of the signals over time can be 

represented as a Power Delay Profile (PDP). The PDP is the magnitude squared of the complex 

impulse response. 

 

The delay spread is sometimes characterised as groups of signal arrivals, with delay spread within 

each group and a discrete longer delay between the groups. This can be caused by (for example) 

reflections in an urban canyon from surfaces on several buildings, with each building providing its 

own group of reflections. 

 

Delay spread measurement requires the sounder to be able to resolve the individual path delays. One 

technique is to use a Pseudo Random Binary Sequence (PRBS) carrier modulation in the transmitter 

(TX) and a correlating receiver (RX). The correlation between the known TX PRBS and the 

compound RX signal will produce a correlation impulse corresponding to each delay path.  
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Delay spread results can be evaluated to an RMS value for use in system design. Once a power delay 

profile is measured by a sounder, the mean excess delay Tm can be found using (9) [32], where P(Ti) is 

the magnitude of the correlation peak at time delay Ti normalised to the primary (direct) ray, N is the 

number of discrete observable correlation peaks. Then, (10) and (11) [32] are used to calculate the 

RMS delay spread (DSRMS). 

 

Ὕ
В

В

В

В
      (9) 

 

Ὕ
В

В
      (10) 

 

ὈὛ Ὕ Ὕ            (11) 

 

From a radio communication system viewpoint, the delay spread can be used to help define the 

minimum acceptable symbol duration. If the RMS delay spread is a significant fraction (e.g. 

exceeding 10 %) of the symbol duration, the RX symbol will be subject to appreciable distortion due 

to the delayed arrivals. If the delay spread is insignificant compared to the symbol duration, then the 

channel will not notably distort the symbol. Some older radio systems used equalisers in the RX to 

help compensate the delay spread. Nowadays OFDM has gained popularity - with the cyclic prefix 

used to mitigate delays and narrow subchannels that appear spectrally flat (or require only simple 

equalisation).  

 

1. 7. Coherence BW 
The coherence BW (CBW) is a measure of the BW that will appear spectrally flat, in a reflective 

environment. (In general, spectrally flat is defined as a received signal magnitude that is not a 

function of carrier frequency.) CBW is inversely proportional to the RMS Delay Spread (DSRMS) and 

commonly uses (12) to define the relationship, but there is no single definition of the scaling term p. 

Parameter p can vary from 0.5 to 7 for indoor scenarios, though other researchers have found setting p 

= 5 is a useful starting point [35] for approximation. The actual value of p will be dependent on the 

tested environment and can be found from a field test if CBW and DSRMS have both been measured.  

 

ὅὄὡͯ
Ȣ

       (12) 

 

The CBW concept is central in modern communications systems which use OFDM. The OFDM 

subchannels are usually chosen to be sufficiently narrow (a small portion of overall TX spectrum) 

such that they only experience flat fading. The overall OFDM spectrum can be wide and so 

experience DS and hence suffer a ónotchyô channel, but the individual subchannels generally do not.  

 

As a related parameter, Coherence Time is a measure of how long the channel characteristics remain 

static and unchanging. 

 

1. 8. Angular Spread 
When a directional antenna is used, it is possible to measure the angular propagation characteristics of 

the channel. These can be considered from the TX viewpoint (angle of departure - AoD) or the RX 

side (angle of arrival - AoA). Angular spread is simply the PDP and associated angle converted to an 

RMS figure of merit, as will be shown in the following subsections.  

As an intermediate measurement, angular delay can also be measured (i.e. the full PDP at a particular 

AoA or AoD). 
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1. 8. 1. Angle of Departure / Direction of Departure 

The signals emanating from the TX will radiate outwards depending on the directivity pattern of the 

TX antenna. If a channel is to be illuminated by a patterned TX antenna, or the TX beam is swept in 

some way, then the angle of departure (AoD) effect on the channel can be evaluated and a directional 

channel model made. The resolved AoD paths would also be seen all at once if an omnidirectional TX 

antenna were used, but a swept beam allows the individual paths to be identified. 

 

1. 8. 2. Angle of Arrival  / Direction of Arrival  

The signals arriving at the RX can come from multiple directions, depending on the reflective 

environment between the TX and RX. These RX signal angles of arrival (AoA) provide additional 

characteristics for the channel and can also include DS. Insight from AoA (and AoD) can be used to 

help define antenna requirements for a communications system. For example, a high directivity 

antenna may help reduce TX illumination of reflecting surfaces and reduce RX exposure to 

reflections. Alternatively, if multiple AoAs are needed (e.g. for path diversity), an omnidirectional TX 

antenna and a steerable RX antenna may be more suitable. 

 

1. 8. 3. Angular Spread 

Once the PDP is known as a function of angle, for either the TX AoD or RX AoA, it becomes 

possible to consider the spread of the beam ï known as the Angular Spread, referenced to the median 

angle of arrival (or departure). The RMS angular spread (SA) can be calculated by (13), where a 

discrete set of multipath components (MPCs) and angles are known [36]. 

 

Ὓ
В

В
             (13) 

 

In (13) — is the angle of an observed MPC and ‌  is the magnitude of the kth MPC. Parameter µA is 

the mean of the angle spread (AoA or AoD) and calculated using (14). 

 

‘
В

В
                (14) 

 

A limit is usually set to threshold the MPCs that will be considered in the analysis. For example, only 

MPCs higher than -30 dB compared to the strongest component may be considered, or by using a 

noise threshold [37]. 

 

1. 9. Ricean K factor 
In many propagation channels there will exists a dominant (often Line of Sight - LoS) ray and some 

lower amplitude multipath component rays, which may be Non Line of Sight (NLoS). The ratio of the 

power of the dominant ray to the local mean powers of these other MPCs is represented by the K-

Factor [37]. The K-factor and can be represented by (15) [34] and is an important parameter for 

characterising the multipath fading effect of a channel. 

ὑ ρπÌÏÇ
В

                 (15) 

In (15) ‌ is the power of LoS component (i.e the strongest component) and the denominator is the 

average power in the remaining (non-LoS) MPCs. When K = 0 there is no defined dominant signal ï 

hence the channel has Rayleigh fading and when K is infinite there are no MPCs ï hence only a LoS 

path exists. 
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1. 10. Channel Sounder Verification and Calibration  
A channel sounder will often be used to characterise a channel prior to a radio communications 

system being designed specifically for that channel. Therefore, any errors in the operation of the 

sounder will translate to errors in the extracted channel model and so may lead to an imperfect design 

of the target radio system. Testing the operation of channel sounders in known reference 

environments, and against other sounders, is a growing area of research. To this end, a strategy for 

sanity checking sounder systems is proposed in [38]. 

Techniques to verify correct operation and benchmark channel sounder performance, such as using 

special test structures and calibration or verification artefacts for comparisons [39], or to allow a 

comparison in a defined (ground-truth) channel ï without transporting multiple sounders to a common 

location are important. It is vital to de-embed the sounder from the channel model (i.e. by removing 

antenna artefacts, etc). In [40] candidate channel sounders are converted into mathematical model 

representations for comparison. The comparisons showed a stark difference in PL and delay spread 

accuracy from a set of tested sounders, suggesting accuracy issues already existed in some sounders. 

Some channel sounders do not have coaxial connections that would facilitate direct TX to RX 

connection for a calibration step, hence an over the air calibration is required. An example is a 28 

GHz sounder with a 2 GHz sounding BW [41] using SiGe ICs in a phased array and without 

conducted measurement connectors. The sounder in [41] used predistortion to implement the 

calibration correction, after the impulse response of an anechoic room was first measured as a known 

environment. 

In [42] mmWave over the air verification of sounders is proposed using a controlled environment 

consisting of a compact antenna test range. In [43] an E band sounder is compared to a VNA using a 

set of predefined controlled test channels (LoS, LoS + reflectors, NLoS).   
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2.  Channel Sounding Use Cases 

The operational scenarios intended for a radio communication system define how the channel should 

be sounded. This can be limited by availability and suitability of equipment. The number of possible 

radio channel scenarios are very many and varied ï perhaps ranging from complete in-body systems, 

through to deep space communications. As an unusual illustrative example, [44] describes a HF 

ionospheric characterisation system (2-36 MHz sounding BW), capable of measuring propagation 

channel group delay and angle of arrival for ionospheric paths.  

In the following subsections, prior work examples of sounding use cases and associated sounders are 

presented and discussed. The relevance of the papers constituting this Thesis is also introduced. 

2. 1. IoT Sounding 
Radio systems destined for use in Internet of Things (IoT) can have a very varied set of use cases, 

including:- 

¶ Life-critical high reliability systems (monitoring vulnerable people in social care scenarios: 

fall detection, panic alarms, personal attack alarms, smoke alarms, é) 

¶ Long range low data rate (utility meter reading, remote control, industrial control, smart city 

infrastructureé) 

¶ On-body medical and wellness (glucose monitor, pacemaker, smart watch, é) 

¶ Short range devices (Bluetooth LE, intruder alarm systems, garage door openers, ...) 

 

IoT systems cover a wide span of frequencies, generally from low VHF to microwave. Many cost-

sensitive IoT systems use Industrial Scientific Medical (ISM) and ETSI Short Range Devices (SRD) 

spectrum, such as 2.44 GHz and 868 MHz (Europe) or 915 MHz (USA). 

An example of sounding measurements in UHF bands, focused on measuring coherence BW in both 

city and rural settings is reported in [35]. Equipment used included a standard lab measurement 

receiver. 

Another published example relates to Industrial Internet of Things (IIoT) in evaluating the 

propagation channel for Power Grid IoT [45]. Channels are measured and models extracted for 

electrical substation scenarios at 3.35 GHz. PL, shadow fading, Ricean K factor, RMS delay spread, 

RMS angle spread of departure and RMS angle spread of arrival are found. Sounding equipment was 

based on RF lab test equipment (vector signal generators) and was time synchronised using rubidium 

clocks. Omnidirectional and phased array antennas (sweeping a sounding beam) with a 100 MHz BW 

OFDM sounding signal were used. 

IoT systems can encompass a very wide range of use cases and so generic channel models are often 

not appropriate. For example, a fall detector that is under a person in a dwelling who has fallen has a 

very different radio channel to an industrial machine radio interface in a spacious but highly metallic 

factory. Some industrial uses of the IoT encompass very niche scenarios, such as on oil rigs [10]. 

Therefore, specific channel measurements tailored for the IoT use case of interest are very important. 

These may use generic RF lab equipment, but in some scenarios (e.g. on-body, awkward meter sites 

in basements, social care alarms, etc) the equipment is awkward to site in the ideal representative test 

location or is too valuable to be left unsupervised for any period. These scenarios can benefit from 

lower cost and portable bespoke sounder platforms. This was the stimulus for Paper 1 [1] and was 

also investigated in [46], [47]. 
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2. 2. Microwave Sounding 
In the microwave bands (1 GHz up to circa 6 GHz) sounders have been widely used as part of mobile 

phone system design for many years. Channel sounding is also included in some telecommunication 

standards as part of the phoneôs normal operation (such as use of pilot channels in 4G LTE OFDM 

frames) to dynamically track the operating environment and adapt to it. 

The microwave bands are heavily congested and widely used: including all cellular communications, 

WiFi, Bluetooth, TV broadcast and some Low Earth Orbit (LEO) satellite systems. A wide set of use 

cases are potentially covered. Yet only uses closely related to broadcast and cellular communications 

have multiplicity of published and practical channel models, many provided by the ITU. 

The field of microwave sounding has been widely reported in publications over the years, with some 

recent examples now presented to illustrate the variety of works. 

MIMO sounding for outdoor to indoor channels using switched antenna array is reported in [48]. The 

RX array was cylindrical, and the TX array was a uniform linear array (ULA) on a rotor. Multitone 

sounding waveforms in the 2.5 GHz band were used. The TX was 5 m above a rooftop and the 

sounding RX was in a dwelling 150 m away. The authors obtain angular spread results and other 

channel parameters. 

Angular spread in street environments, exploring the characteristics for both azimuth and elevation 

angular spread, were measured in [36] using a MIMO sounder. LoS and NLoS channels were 

measured. A key finding is that rather than a monotonous change in angular spread being observed as 

function of distance, various distance and location dependent responses were instead seen. The 

sounding signal used a pseudo noise modulated source at 2.6 GHz, giving a 62.5 MHz sounding BW. 

The sounder hardware was mobile on trolleys, with a mix of bespoke equipment and lab test kit. 

Angular power spread models were extracted, along with temporal and spatial power profiles. 

Outdoor to indoor propagation measurements are important for all mobile communication systems. In 

[49] this topic is explored for urban microcells at 3.5 GHz. Azimuth and elevation angular spread of 

arrival were seen to have log-normal distribution and the time delay spread had a Rayleigh 

distribution. The sounding TX was mounted on a rooftop, with sounding RX equipment mobile in an 

adjacent building. The TX used 4x8 array of patches, each cross polarised. The authors proposed 

temporal models be considered as consisting of three groups of multipath components clusters: 1) 

main (strongest) group from direct propagation, 2) next group due to reflections from ground and 

walls, 3) the last group with MPCs from all other physical aspects of the test environment.  

Measurements involving watertight metal doors (but with surrounding door frame metal work with air 

gaps) on a ship at 2.2 GHz using double directional MIMO measurements and a 100 MHz sounding 

BW are presented in [50]. An excess path loss of 25 dB due to the metal door was seen, but this was 

at times lower when the sounder was moved away from door, suggesting other signal paths exist. The 

stimulus for their work was to see if it was possible to replace ship cabling with wireless sensors ï 

hence the need for soundings. 

A drone air-to-ground channel sounder at 3.5 GHz is presented in [51]. The drone carried the TX 

Software Defined Radio (SDR). The RX ground station was an SDR and used an L shaped antenna 

array. RX propagation analysis software runs on an NI PXI SDR system with 100 MHz sounding 

BW. 

Similar to IoT scenarios, sounders using lab RF test equipment can be used, but are not always 

practical or available. A vector network analyser (VNA) is an obvious choice for a channel sounder 

but these are expensive and bulky items. Also, long coaxial cables (or phase controlled wireless links) 

are needed to connect the measurement sites back to the instrument. To support innovation, 
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equipment is needed that can be used in other, less-investigated scenarios. Equipment is also needed 

that can be more compact, lower power or more cost-effective.  

The hardware for creating a channel sounder shares much of what constitutes generic radio 

communications systems: Antenna arrays, RF mixers, Low Noise Amplifiers, Oscillators, filters, etc. 

As such, new developments in these hardware systems can open new avenues in channel sounding. 

New hardware can also make channel sounders more practical (compact / power efficient) for a 

scenario of interest. 

Antenna arrays are useful in channel sounding as they can be used to improve the link budget and 

hence allow a longer range to be sounded or more MPCs resolved. Of course, the channel model 

extracted will implicitly include the arrayôs directivity effects, potentially screening out off-axis 

reflections. Therefore, it is important that the antenna array is representative of what would be used in 

the finished communications product, where possible. Otherwise, the antenna should be de-embedded 

from the channel response. 

In this thesis three new concepts in antenna arrays are presented, all making use of the Time 

Modulated Array (TMA) concept. In Paper 2 [2] the ability to steer a 5.8 GHz beam using a TMA and 

the ability to reduce the magnitude of an unwanted un-steered component is presented. Such an array 

could be used to implement a microwave channel sounder where a steered beam is required as part of 

the sounding activity.  

In Paper 5 [5] a new concept using the TMA in RX mode at 2.4 GHz and including subsampling 

within the TMA operation is presented ï named Subsampling TMA (STMA). This new concept could 

be used to reduce the complexity and cost in an RX sounder, where a steered RX beam is required. 

The STMA allows a lower carrier frequency SDR (or potentially direct connection to an ADC and 

digitiser) to be used. 

In Paper 6 [6] the multiple harmonic beams generated by a TX TMA at 5.8 GHz are used to 

advantage and employed to simultaneously illuminate a channel. This can facilitate a rapid 

measurement of angle of departure dependency in a measured channel, without sweeping a beam. 

2. 3. mmWave Sounding 
Frequencies in mmWave bands (circa 28 GHz to beyond 100 GHz) have now become relevant to 

future mobile communications [52]. The 28 GHz band was earlier used for fixed wireless access and 

cellular backhaul but has now been deployed in many 5G mobile phones. For 6G standards, higher 

mmWave and even sub-THz bands are being considered for use in mobile devices, for 

communications to 200 m. Outside of cellular mobile use cases the emerging commercial chips now 

allow new products and concepts to be developed by industry and military, but channel models for 

novel use cases are needed. 

Hence, the ability to measure channels in relevant and bespoke use case scenarios is important. The 

use of lab equipment can become prohibitive, due to its high cost and power requirements, hence 

bespoke sounder platforms are useful. Such systems can be used in unusual scenarios or high-risk 

scenarios where the loss of the sounder does not represent a high value and can be replaced (as 

opposed to a million-pound VNA). However, globally, lab facilities are being established that have 

the core equipment to perform such mmWave and higher frequency measurements [53], [54] and may 

be applicable if the risk of movement of equipment can be tolerated (or the use-case be sufficiently 

emulated in the laboratory setting). 

In Paper 4 [4] a portable channel sounder is created and presented for the 28 GHz band, using recently 

available commercial RF chips. The sounder is used in novel scenarios for close-to-ground 

communications and reveals interesting results about the path loss for close-to-ground operation. The 
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sounder was also used in [55] as part of a rural field trial that would be extremely difficult to perform 

with conventional lab equipment. 

The field of mmWave sounding has been a widely researched and published area. Some illustrative 

prior works will now be discussed, for different sounding scenarios. 

In [56] a channel sounding campaign at 28 GHz was used to calibrate ray tracing. The authors also 

found that diffuse scattering accounted for 20 % of received power, though up to 40 % of received 

power being due to diffuse reflections had been suggested by others. Diffuse scattering is due to 

surface roughness being comparable to carrier wavelength and so leading to random directions of 

reflections. In contrast, diffraction is claimed to be negligible at mmWave due to the small Fresnel 

zones. Hence LoS propagation was proposed as the main mechanism, with diffuse scattering as the 

second most significant. 

In [57] an early attempt to predict the complexity reduction that may be possible in a mmWave radio 

system was made ï specifically investigating the reduction in hardware complexity that may be 

possible if a rich propagation channel was available (due to scattering). 

For mmWave systems a wide sounding BW is often needed, to allow a sub ns delay resolution. This 

can be challenging to achieve. In [58] an alternative approach was taken, based on a 5.6 GHz OFDM 

sounder using a SDR with only 20 MHz instantaneous sounding BW. By using post processing, the 

sounding BW was concatenated to achieve an overall 200 MHz BW. 

At 28 GHz foliage blockage measurements become important. In [59] a real time sounder using 

phased arrays and a switched beam to scan the channel are presented. The system was used to 

investigate delay spread and angular spread effects due to foliage. The system had a measurable PL of 

169 dB and used a 400 MHz sounding BW using a multitone waveform. Foliage penetration loss 

models were extracted. 

Outdoor to indoor loss can be significant at 28 GHz and above. In [60] (using the system of [59]) a 

building penetration loss of 10 dB to 23 dB was seen for the domestic dwellings tested. A key finding 

is penetration loss is not properly modelled by using traditional techniques of concatenating an 

outdoor and an indoor PL model, nor is it properly represented by just adding a fixed attenuation term 

to account for penetration loss. 

Many recent works focus on the 5G spectrum at circa 28 GHz and 38 GHz. In [61] 5G related 

measurements at both these bands were evaluated for rooftop scenarios, inside a railway carriage, and 

for factory IIoT. Measured data was fitted to PL models using close in and floating intercept models 

and to 3D angular models. The system was based on NI PXI SDR equipment and could scan 19 

discrete beam directions, selectable with 5 degree steps. The system used a 1 GHz sounding BW. TX 

and RX time synchronisation used the GPS 1 pps signal (now widely used in published channel 

sounders). From the reported measurements, strong reflection paths were seen in all scenarios ï hence 

extracted PLs were all worse than FSPL. The measured RMS delay spread seen in an IIoT setting at 

10.4 m separation between TX and RX was 110 ns, due to reflective metal structures. In [62] an 

indoor office environment was sounded at 6 GHz and 37 GHz, with obstructed LoS and NLoS paths 

compared, for a RX 1.1 m above the floor and the TX near the ceiling. 

An investigation of 60 GHz channels (PL and angle of arrival) in a vehicle and outdoors are reported 

in [63]. The system had a measurement BW of 1.9 GHz and used a sliding correlator (with PN signal) 

and rotated directional horns to beam scan. Delay spreads of up to 36.6 ns and a PL exponent of 4.19 

for outdoor NLoS was extracted. Outdoor LoS channels had below 1 ns delay spread and PL close to 

FSPL. The outdoor scenario mean delay spread was 6 ns. In-vehicle LoS PL was close to FSPL 

(mainly due to the short tested range). In general, NLoS links had a PL in range of 15 to 40 dB below 
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LoS links. Measurement equipment was based on commercial RF modules and supporting SDR lab 

kit.  

Within an RX sounder at mmWave frequencies a downconverting mixer is usually required. The 

present generation of commercial SDR systems do not have direct digitisation capabilities at 28 GHz 

(or above), so analogue RF front-ends remain highly important for all mmWave radio systems. An 

RX mixer is critical in converting from an incoming RF signal to a usable and lower intermediate 

frequency (IF) signal. Until recently, commercially available packaged mixer chips at 28 GHz have 

not been available, so bespoke custom designs have always been required. The availability of a SiGe 

transistor that could be applied to mmWave mixing, for possible use in an RX sounder, is the topic in 

Paper 3 [3]. A key issue in mixer design is the local oscillator (LO) signal generation and particularly 

its RF power. Generating RF power for the LO becomes challenging at mmWave frequencies, hence 

techniques to help reduce the requirement are important. However, there is a dependency on LO 

power for mixer linearity. Since high linearity may not always be required, it is interesting to consider 

how the LO power can be controlled for a use case. This desire to reduce the LO power and also 

optimise the associated DC bias conditions through a mathematical understanding of the mmWave 

mixer transistor led to Paper 3 [3]. 
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3.  Channel Sounder Hardware, Algorithms and Existing 

Methods 

This chapter introduces background concepts, some common hardware approaches and signal 

processing techniques used in realising channel sounders. Published examples of these various 

techniques are presented and discussed.  

There are three major approaches to make a channel sounder, commonly seen in the literature :- 

¶ Vector Network Analyser (VNA) based sounder with Inverse Fast Fourier Transform post 

processing. 

¶ RF signal generator TX and high BW Oscilloscope or Spectrum Analyser RX, using 

correlation. 

¶ Bespoke RF front end and SDR, using correlation algorithms. 

 

Each of these approaches will  now be considered based on prior works, with advantages and 

disadvantages discussed. 

3. 1. VNA Based Sounders 
The VNA is an obvious and perhaps optimum tool for sounding a channel, as it will allow a swept 

calibrated response of amplitude and phase to be easily obtained. The self-contained nature of most 

VNAs is also easier to manage, rather than needing lots of smaller units and cables with attendant 

calibration issues.  

A swept measured S21 can be obtained from the VNA and then the inverse Fast Fourier Transform be 

used on this data to obtain the channel time domain impulse response. 

The main disadvantages of the VNA approach are the delicate nature of the instrument, the financial 

cost of the instrument, the difficulty or health and safety issues associated with transporting it to a test 

site use case, the need to handle a reference path (RF, fibreoptic cable or wireless link) between the 

two measurement ports and the associated calibration strategy. The power supply requirements and 

weather shielding for outdoor use are also issues. The problems in using a VNA become worse at 

mmWave frequencies. Here, the VNA can cost over £500k and may be deemed too vulnerable to take 

from the protection of a temperature and humidity-controlled lab. Although amplifiers can be used to 

boost the reference signals on longer cables, a point will be reached where the measurement is too 

noisy to use. Calibration over long cabled links also become problematic, requiring phase stable 

cabling or RF over fibre. 

An example of a ólong rangeô channel sounder at mmWave using a VNA is given in [64]. The authors 

present a 10 GHz - 50 GHz sounder, using RF over optical fibre for its lower conducted signal loss 

but also then needing an additional phase compensation system. As reported, the theoretical sounding 

range was 238 m at 30 GHz when a 20 kHz VNA IF BW was used [64]. 

A novel use of a VNA and a ócubic virtual arrayô is discussed in [65]. The main sounding 

measurement was performed by the VNA. A 3D positioner was used to move the sounding antenna in 

3 dimensions, with it pausing at a new location for each sounding measurement. The process resulted 

in a virtual array which does not suffering from mutual coupling (since there is only 1 antenna). 

However, such a system can only be used when the channel is static (no doppler or temporal effects) 

since the mechanical scanning and repositioning of the sounding antenna is very slow. 

At sub-THz frequencies, VNAs with frequency extenders have been used for short-range channel 

measurements or to longer ranges by using fibre optic reference links (RF over fibre) [66], even to 

links potentially to 600 m [67]. However, these systems are also subject to cost and mobility issues. 
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3. 2. Sounders Using RF Signal Generator + Oscilloscope / Spectrum 

Analyser or SDRs 
Sounder systems can use SDR concepts either in an actual SDR platform, or on the signals captured 

from standard lab test kit. SDR concepts allow various sounding waveforms to be used, including 

OFDM, multitone, FM-CW, and sliding correlators using pseudo noise. The most basic measurement 

of using a spectrum analyser for simple measurements of PL are not considered here. 

Arbitrary waveform RF signal generators are now cost effective and can be used as the TX unit for a 

sounder. Bespoke sounding patterns of an arbitrary nature (such as PRBS modulated BPSK) can 

readily be loaded into the signal generator and a sounding TX be quickly realised. On the RX side, a 

spectrum or signal analyser that has sampled data saving capability can be used, to capture the RX IQ 

waveform. Nowadays, fast sample rate oscilloscopes are also becoming available and popular as 

waveform digitisers. 

Such general lab kit usage applied to sounding may be increasingly flexible and deployable, but the 

cost of the instruments can remain prohibitive, especially at mmWave frequencies. The ability to trial 

different sounding patterns and waveforms is useful, but this flexibility does still come with the cost 

of having to develop software systems to generate and then analyse the signals. Equipment power 

supply requirements can also be limiting. 

Illustrative prior works using SDR approaches with lab equipment for channel sounding will now be 

introduced and discussed. 

There are many sounder designs that use sliding correlators, with strategies to define optimal 

correlator design having been investigated [68]. The correlation approach is a popular method for 

obtaining the MPCs of a channel. 

A real-time 28 GHz MIMO sounder using a phase array with horizontal and vertical steering (rather 

than a conventional rotating horn antenna) is presented in [69]. The TX and RX arrays consisted of 

8x2 elements. Multitone sounding waveforms were used with a 400 MHz sounding BW. Lab test gear 

and commercial 28 GHz radio units were used to realise the system. The system was used to measure 

moving outdoor scatters (cars) and blocking objects. By using beam switching of the phased array the 

system could measure Direction of Departure (DoD), Direction of Arrival (DoA), delay and doppler 

effects. 

In [70] a phased array MIMO channel sounder at 28 GHz with 2 µs beam switching is described. A 28 

GHz commercial RF frontend with National Instruments (NI) PXI system and modules were used to 

construct the system. Sounding used a multitone signal with 400 MHz sounding BW. As is becoming 

common for mmWave sounders, GPS-disciplined rubidium frequency references were used, giving a 

10 MHz clock for RF reference and 1 pulse per second (PPS) signal aligned to Universal Time 

Coordinated (UTC) for synchronisation. 

A 26 GHz MIMO sounder using a hybrid beamformer with 64 antennas at both the TX and at the RX 

is introduced in [71], using trolley-based RF lab equipment. Sounding BW was 56 MHz (leading to a 

17.8 ns MPC delay resolution). The sounder could resolve AoA, AoD and PL. 

In [72] a 73 GHz sounder, again based on PXI equipment, using a sliding correlator for angular or 

delay spread, (or real time spread spectrum mode for short range temporal monitoring) is presented. 

The sounding BW was 1 GHz (null-null). Beam steering was performed using rotatable horn 

antennas. 

An 802.11 (2.4 GHz) SDR based channel sounder for industrial scenario wireless sounding is 

presented in [73]. The SDR had a 16.25 MHz sounding BW. A key novelty was the use of time 
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synchronisation over air, using time stamping from the Precision Time Protocol in the IEEE 1588 

standard.  

A 5.8 GHz battery powered and portable SDR based sounder is presented in [74]. The sounder used a 

doppler antenna concept, where each element was switched in turn to synthesise a doppler effect, 

allowing the resulting doppler frequency to measure the AoA of an RX signal. 

A 300 GHz sounder based on commercial lab equipment is presented in [75], with a dedicated lab 

digitiser and commercial frequency extender units (VDI Ltd) used for up / down conversion. 

A vector signal generator and vector signal analyser were used as the basis for a sounder at 6 GHz and 

37 GHz in [62], allowing a PL comparison between both bands. 

Modern lab oscilloscopes offer an alternative approach to digitising signals and also allow immediate 

and direct comparison measurements of phase and amplitude of a measured and reference signal. 

Oscilloscopes can be used in high mmWave channel sounders, when employed with up / down 

converters [76]. 

In [77] a lab signal generator and digitisers were used in conjunction with a 158 GHz analogue RF 

front end to create a MIMO channel sounder with 400 MHz BW. The sounder used OFDM signals 

with 120 kHz subchannels, as used in 3GPP standards for 5G NR. 

 

3. 3. Bespoke Sounder Systems Incorporating SDR 
With the advent of SDR and their now cost effectiveness at sub-6 GHz, a new breed of sounder can be 

realised. If sub-6 GHz conventional sounding is sufficient, then the entire system (TX and RX) can be 

implemented using such SDRs and only antennas, analysis and sounding software and calibration 

strategies need defining. 

If higher operating frequencies are required then systems can be created though use of generic RF lab 

equipment (modularised amplifiers and mixers, signal generators, etc) or a fully bespoke (e.g. PCB 

based) design created using commercial RF parts. The advantage of the latter approach is the sounder 

can be compact and power efficient, as well as low cost. This can allow the sounder to be used in 

unconventional or risky scenarios where damage could happen, but important measurements are 

needed and can justify a limited cost.  

Many published works use some hybrid of commercial lab RF equipment and bespoke circuit or 

module-based equipment to realise the sounder system. As seen in the literature, this is more common 

at mmWave frequencies were affordable commercial mmWave SDR hardware is not yet available. 

Below are some recent examples of bespoke and hybrid sounders at mmWave frequencies. 

The work in [30] described a mobile mmWave 83.5 GHz channel sounder that measured complex 

amplitude, delay and AoA. Azimuth and elevation multipath components were measured with a delay 

resolution of 1 ns. The system is capable of indoor measurements to distances of circa 150 m LoS. 

GPS control and rubidium clocks were used for synchronisation between systems, which were 

constructed using lab test equipment and mmWave modules. The authors stated that manually rotated 

(directional horn) systems risk being too slow to capture temporal channel effects for a valid channel 

coherence time (i.e. while channel is not changing). 

A 60 GHz sounder with 1 GHz sounding BW, using phased arrays, lab kit and bespoke hardware 

(HW) design is presented in [78]. The system measures AoA, AoD, and MPCs. The system was 

mounted on a robot for autonomous sounding in a test location. The phased array used 8x32 series fed 

arrays, connected to phase shifter and gain control chips as an RF front end. The sounding waveform 

was a PRBS with 1 ns chip duration. Supporting lab kit was used for TX and RX functions as well as 

signal processing.  
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In [79] a set of SiGe transceivers with beam steering were used to make a beam switching MIMO 

sounder. The sounder operated in the 60 GHz band with 2304 beam combinations (TX and RX total) 

[79]. The SiGe transceivers were used to create gain and phase controllable phased arrays. Signal 

generation and acquisition was performed using trolley-based lab equipment. A sounding BW of 400 

MHz was achieved, using a 256 subcarrier multitone signal. Delay resolution was 2.5 ns [79]. The 

sounder took 200 ms to measure the channel [79]. 

A novel mock-handset was created in [80], operating at 21.5 GHz, used in channel sounding for 

measuring PL. The mock handset had a set of selectable antennas. The handset used a uniform linear 

array (ULA) based RX with 3 sub-arrays, each consisting of 8 elements. RF switches on the handset 

were used to select the antenna element to measure. A horn was used as a remote TX source, with a 

PN modulated signal transmitted. Correlation against the PN was used for sounding MPC extraction. 

Various indoor tests with different user holding styles were investigated using the system. A variation 

of 12 dB or more in PL was seen due to various usersô holding orientations, and 4 dB variation 

between different individual users [80]. 

At higher mmWave and sub-THz bands, hybrid measurement systems are often seen using modules 

for frequency conversion and standard lab arbitrary waveform generation and digitization [81], or 

more bespoke solutions [82]. A system for E band sounding is presented in [83] which used modules, 

and an oscilloscope as the digitiser.  

New FPGA based high performance SDR systems based on the Xilinx Ltd  RFSoC applied to phased 

array designs [84] could also now become relevant for channel sounding. However, the RFSoC would 

still need mmWave up / down conversion modules or bespoke analogue design. 

Since SDRs are now a well-established concept, it is inevitable that their performance will increase as 

the technology develops. There is already reported work considering SDR design for above 100 GHz 

[85]. However, at present, mmWave systems still require fully analogue front ends. 

3. 3. 1. Illustrative Architecture for a Bespoke Sounder Based on SDR 

The generic microwave SDR based sounder TX can be considered as shown in Figure 3 and the RX 

as shown in Figure 4. If the SDR is capable of generating sufficient TX power and has a sufficiently 

low noise figure (NF) to meet a required sounding link budget, then an external PA and LNA may not 

be needed. 

 
Figure 3. An example microwave sounder TX architecture. 
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Figure 4. An example microwave sounder RX architecture. 

If the SDR cannot generate or receive frequencies at the band to be sounded, then external up-

conversion and downconversion stages are needed. This is shown in concept form for a mmWave TX 

in Figure 5 and for the RX in Figure 6. Analogue mmWave band pass filters may be required, to reject 

image signals, and are not shown. 

 
Figure 5. An example mmWave sounder TX architecture. 

 

 
Figure 6. An example mmWave sounder RX architecture. 
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It can be shown that the sounderôs link budget (defining the maximum measurable PL) can be 

calculated using the following equation :- 

ὖὒ ὖ Ὃ Ὃ ρχτὔὊ ρπÌÏÇὄὡ ὖὋ ὛὔὙ dB   (16) 

 

In (16), -174 is the thermal noise floor in dBm/Hz due to the Boltzmann constant k and the system 

operating temperature (i.e the kT) with a T of 290 Kelvin, PT is the conducted TX power (dBm), GT is 

the TX antenna gain (dBi), GR is the receive antenna gain (dBi), NF is the RX system noise figure 

(dB), BW is the sounding bandwidth (Hz), PG is the processing gain (dB) for the sounding waveform 

and SNRD is the signal-to-noise ratio required for detection (dB).  

 

In this thesis a PRBS length M-sequence is used as the modulating signal in the sounders. For such a 

waveform the PG is given by (17). There are many other types of sounding waveforms that can be 

considered, including multitone and OFDM. 

 

ὖὋ ρπÌÏÇὓ  dB      (17) 

 

From Figure 3 - Figure 6 and the subsystem terms in (16), it is clear that a channel sounder shares 

many similarities with other radio communications systems. Therefore, the research and design of all 

aspects of radio systems are relevant and important. This can include antennas and antenna arrays, 

PAs, LNAs, mixers, oscillators, filters and DSP algorithms. In this thesis, published works are 

presented in antenna arrays, mixers, sounding algorithms and full sounder implementations. 
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4.  Link ing of Published Papers to Thesis Research Theme 

This Chapter introduces each of the published Papers (1-6) forming the main body of the Thesis. It 

also explains how each paper individually relates to the theme of the Thesis. The Chapter also 

discusses some of the original background that initially led to the work in each of the Papers. 

Therefore, how each publication specifically addresses and contributes to an aspect, or challenge, 

relating to channel sounding is discussed.  

For the Papers focused on RF hardware, that could form part of a sounder, the discussion identifies 

how they could be applied in a sounder. To support comparison and highlight the significance of these 

Papers, some other competing strategies and prior works are also discussed.  

Certain subsequent relevant work that occurred after the publication of the Papers is also presented, to 

further help explain the topics and clarify significance. Similarly, work that expands on the Papers to 

aid technical understanding is also included. 

Channel sounders share many of the subsystems found in general RF communications systems. 

Therefore, the need for performance antenna arrays and RF mixers as modules is important and 

relevant to the novel hardware aspects of the thesis, in addition to the full sounder systems discussed. 

An overview of the 6 Papers and their contribution and relevance to channel sounding is presented in 

Table 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



21 

Table 1. Overview of the 6 Papers in this Thesis. 

Paper System Picture Purpose Tested 

Operational 

Frequencies 

Novelty / 

Contribution s 

Role in 

Channel 

Sounding 

 

1 [1] 

 

VHF / UHF 

sounder 

system. 

71 MHz,  

869.525 MHz 

Hand portable 

system measuring 

PL and DS. Field 

test results. 

This is a 

sounder system. 

2 [2] 

 

TX array 

(TMA) . 

5.8 GHz Steerable TMA 

beam. Reduction 

of C0 beam. 

Prototype & Lab 

verification. 

Could be used 

to steer a 

sounding TX 

beam. 

3 [3] 

 

RX mixer. 26 GHz Mixer design 

models. A 26 GHz 

mixer prototype to 

verify models. 

Could be used 

in a mmWave 

sounder as a 

downconverter 

stage. 

4 [4] 

 

28 GHz 

sounder 

system. 

27, 27.2, 

27.5, 27.65, 

28, 29 GHz 

Portable 28 GHz 

sounder system 

measuring PL and 

DS. Field test 

results. 

This is a 

sounder system. 

5 [5] 

 

RX array 

(STMA). 

2.4 GHz Steerable TMA 

RX beam 

incorporating 

subsampling. 

Prototype & lab 

verification. 

Could be used 

to steer a 

sounding RX 

beam. 

6 [6] 

 

5.8 GHz 

sounder 

system (using 

TMA). 

5.8 GHz TX TMA used to 

coherently 

illuminate 

multiple AoD 

beams. Ability to 

measure multi-

beam PL & DS 

demonstrated. 

Field test results. 

This is a 

sounder system. 

 

 

4. 1. Paper 1 ï Portable VHF / UHF IoT Sounder 
Paper 1 [1] is a complete, calibrated, hand-held portable channel propagation measurement system 

operating at VHF and UHF. The focus here is on using low-cost, off-the-shelf, commercial hardware 

as far as possible with new, bespoke, signal processing algorithms and post-measurement analysis. 

The SDR used was the low-cost RTL-SDR with 2 MHz of capture BW, controlled by a Raspberry PI.  

Measurements at 869 MHz and the (then) newly released Ofcom IoT segment at 71 MHz were the 

stimulus for the project, focused on complex, real-world pedestrian and car mobile use cases. The 

hand-held, dual band, hardware and algorithms extract the channel BW response and power delay 

profile of the channel.  
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The algorithms developed were later improved and modified for the system in Paper 4 [4]. An 

additional contribution of the paper is a new and simple approach to estimate the RMS delay spread 

assuming a 2-ray reflective earth model, when measuring power delay profiles with limited RX BW. 

The measured field test data and resulting models help show the importance of performing tests in 

relevant use-cases and scenarios that could not be easily done using conventional lab-based 

equipment. City and suburban PL models are created for pedestrian and car mobile scenarios and 

results at both frequencies compared. The lack of observed channel reflections exceeding 1 µs over 4 

km distances is an important finding and could simplify future IoT transceiver designs. The emerging 

models allow prediction of propagation characteristics in realistic IoT use-cases. 

4. 2. Paper 2 ï TMA C0 Canceller and Beam Steering 
The Paper 2 [2] describes a practical and novel strategy for constructing and then controlling an 

antenna array to point an RF TX beam at 5.8 GHz in a desired direction, with a focus on both 

hardware and related control signal processing. The novel strategy does not use conventional 

methods, such as varactor-based phase shifters or vector modulators. In essence, this is a phased array 

that uses simple RF hardware based on switch functions and is simpler to control than conventional 

methods. 

Starting from a proven methodology led to a new TMA concept and development of new analytical 

models for predicting the RF performance and array factor. The concept has been extensively verified 

using novel bespoke RF hardware in calibrated chamber measurements. 

A key contribution of the paper is the method to reduce the un-steered (fixed beam) emission on the 

carrier frequency. Before now this has been a limiting issue with TX TMAs.  

The described system uses commercial RF chips at 5.8 GHz, developed into a bespoke RF platform 

with a DSP MCU to implement necessary array control waveforms. Measured performance of the 

array with its new signal processing algorithms is given and compares favourably to expected 

theoretical performance. 

This type of flat panel TMA antenna array could be used in a propagation measurement system to 

replace the standard-gain horns or Yagi antennas currently used, potentially offering a small form 

factor and with benefit of a fully digital control to steer the beam.  

Some of the early concepts and hardware developed for this paper went on to become the groundwork 

for the Subsampling TMA of Paper 5 [5] and the 5.8 GHz TMA sounder system described in Paper 6 

[6]. The described antenna array concept could support new and fast ways of channel measurement. 

The multiple concurrent harmonic beam generation implicit in the TMA process is potentially useful 

in TX and RX channel sounding applications, as will also be discussed later.  

 

4. 2. 1. Approaches to Channel Sounding with Arrays 

This subsection presents recent works in propagation modelling that have made specific use of 

antenna arrays in novel ways, as alternatives to directional (e.g. horn) antennas. Multi -element phased 

arrays or MIMO arrays are now widely used, with either steered beams or switched beams performing 

the sounding measurement. 

Channel models have been constructed based on observations using a mmWave planar array [86]. In 

[87] a square array was accessed one element at a time (hence time division multiplexing as beam 

switching) to sequentially sound a channel. The actual sequence for the selected antennas was 

optimised for best speed and performance. This represents a sequential form of a MIMO channel 

sounder.  
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Four linked sounding beams (linked ï not independently controllable) were used in [88] for a 28 GHz 

channel sounder. The four beams were steered as a group. The sounder used bespoke SiGe chips as 

phased array beam former, with Gilbert cell mixers. 

A dual polarized 28.5 GHz phased array operating as a switched beamformer in a channel sounder is 

described in [89]. The array size was 8x8 (64 elements). The system swept through each of the 

antennas and post-processing was then used to synthesise a recovered sounding beam. The authors 

suggest such an approach is faster to control overall (compared to steering a directional horn etc). SPI 

controlled analogue phase shifters were used at each antenna as part of the beam forming.  

A MIMO switched antenna array for channel sounding, consisting of 256x128 elements, operating at 

28 GHz is described in [90]. The antenna switching was implemented using a set of SP4T switches. 

4. 3. Paper 3 ï Analysis of 26 GHz Downconversion Mixer Design 
RF downconverting mixers are used in many of the propagation measurement systems published, but 

their specific design is rarely considered. Techniques to theoretically predict downconversion mixer 

RF performance as a function of local oscillator (LO) drive power and DC bias are presented in Paper 

3 [3]. The ability to trade off DC bias with LO power has been observed in practice before, but a full 

theoretical treatment had not been published for SiGe Bipolar Junction Transistors (BJTs). 

The prediction of the RF performance of the mixer is important, to ensure suitability for an 

application. Until now, such prediction required extensive use of circuit simulation tools. Paper 3 [3] 

introduces a theoretical technique to help design pumped-transconductance mixers by jointly 

considering their DC bias and oscillator drive and thus helping trade them off. The technique can also 

facilitate dynamic control of a mixer performance for a given operational scenario. This can help save 

battery life and thus extend the operational life of a channel sounder or other system in the field. The 

theoretical concepts were developed using standard mathematical techniques and tested against 

Keysight ADS circuit simulations and also against a built hardware prototype at 26 GHz. The overall 

agreement between the theoretical and measured results verifies the technique. 

4. 3. 1. Consideration of RX Mixers in a mmWave MIMO Sounder Application  

The ability, at the design stage, to identify and trade-off the required LO power for a transistor bias 

condition allows proper design of a mmWave mixer in a transceiver at a power budget. Generation of 

high LO power is very challenging at mmWave and so the use of lowest possible power for 

communications or channel measurement in a scenario is important for extending battery life. The 

techniques can also be used to compare the expected performance of different transistors in a mixer. 

The need for power efficient mmWave mixing can be illustrated with the aid of the following 

example. MIMO channel sounding is now widely used and reported [48], [69]. Consider a full MIMO 

channel sounder operating at 28 GHz, arranged as a 4x4 set of independent RX chains. Hence 16 

coherent RX chains would be required, as shown in Figure 7.  
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Figure 7. Example 16 element RX MIMO system. 

In such a system, Analog to Digital (ADC) converters would be needed on each IF output of each 

chain, assuming the IF is digitised and IQ down conversion is performed in DSP. Here, we will just 

consider the mixerôs impact. There are now some commercially available low mmWave mixer 

MMICs that are packaged (as opposed to bare die), such as the HMC264LC3B used in the system of 

Paper 4 [4]. The HMC264 chip has a 9 dB insertion loss (IL), requires an LO power of -4 dBm (0.4 

mW) at half the LO frequency. It draws 25 mA at 3 V (75 mW) and at the time of writing costs circa 

£ 57 in low volumes. In contrast, the mixer as presented in Paper 3 [3] has an IL of 12 dB for a 0 dBm 

LO (1 mW) and draws 3 mA at 3V (9 mW) and the transistor costs circa £ 0.44. Since this was the 

first prototype, it is possible that improvements to IL could be achieved in subsequent revisions. 

Additionally, from Paper 3 [3] it is shown that by varying the applied LO power and re-biasing the 

transistor, different input 1 dB compression points (IP1dB) and ILs can be achieved. This could allow 

a radio system (e.g. a sounder) to use the minimum LO power required for a particular sounding 

scenario based on required noise figure (NF) and linearity. Alternatively, with a fixed LO power, the 

DC bias can be used to control the IL ï again allowing dynamic optimisation of the gain for a given 

scenario and power budget.  

To further illustrate RF mixer issues, consider the overall power budget required for a 16 element 

mmWave MIMO sounder based on both the above mixer strategies. Since the mixers will all need to 

be phase coherent, they may use a common LO that is distributed through a set of Wilkinson splitters, 

or similar, as shown in Figure 8.  
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Figure 8. 16 way LO power splitter using cascades of Wilkinson 3 dB splitters. 

An ideal, 2 output RF power splitter will send half the input power to each output port, hence a 3 dB 

insertion loss is incurred. The 12 dB minimum theoretical power splitting loss (4 x 3 dB) in Figure 8 

implies an LO source power of 12 dBm (15.8 mW) would be required for the BFP740F mixers and 8 

dBm (6.3 mW) for the HMC264LC3B mixers. However, 16 HMC264LC3B mixers will draw 1.2 W 

and cost £ 912. In contrast 16 mixers using BFP740Fs cost £ 7 and draws 0.144 W. Therefore, for 

large scale RX sounder systems, it is proposed that a set of BFP740F transistor-based mixers as 

presented in Paper 3 [3] would be a good option in terms of both cost and overall power consumption. 

4. 3. 2. Recent Works in Mixer Technology Applicable to Channel Sounders 

In this subsection, relevant prior works that have made specific use of mixers in mmWave systems 

that could be used as part of channel sounder designs are introduced - to illustrate relevance and 

importance of the topic. Mixers using SiGe are a key focus, as this relates directly to Paper 3 [3]. 

In this thesis, a single SiGe BJT device is modelled in mixer use. As an alternative, the nonlinear 

modelling of pHEMTS (i.e. FET topology) to address their use in mmWave mixers is introduced in 

[91]. However, pHEMT mixers have been a well-researched topic for many years. 

Most of the recent published works use mixer designs based on the well-known Gilbert cell 

architecture. Whilst this is applicable to SiGe BiCMOS and general CMOS technologies (where 

multiple metal layers are available for signal routing) this type of mixer is hard to implement in 

MMIC designs that have only one metal layer. At present this prevents the application of the Gilbert 

cell to advanced III-V materials, such as InP, which are required for high sub-THz or THz operation. 

Hence, the continuing relevance and attraction in simple, single-device mixers as presented in this 

thesis.  
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SiGe is an important technology for low mmWave transceiver and mixer design and is now becoming 

more widely used, as illustrated by the following examples. A SiGe BiCMOS E band transceiver (71-

76 GHz and 81-86 GHz) which incorporates a Gilbert cell in TX and RX stages is reported in [92]. A 

SiGe image reject mixer operating at up to 20 GHz for incorporation into self-aware systems is 

described in [93]. A self-aware system can apply a self-generated (hence known) test signal to itself to 

help calibrate itself and diagnose performance degradation in the field. Such a system can thus adapt 

itself to attempt to maintain a constant delivered RF performance. Transmit and receive mixers 

operating at 60 GHz and implemented in 130 nm SiGe are presented in [94]. The mixers draw 15 mW 

from DC supply and require a 0 dBm LO. A 28 GHz channel sounder using SiGe bespoke designed 

chips is presented in [88]. The bespoke SiGe chips implement a phased array beam former and also 

used a Gilbert cell mixer design. The sounder created four parallel sounding beams (linked ï not 

independently controlled) that can sweep the channel. 

SiGe is now increasingly capable of operation to high mmWave bands, due to transistor transition 

frequencies of circa 500 GHz becoming available. In [95] a 154 GHz mixer in SiGe using a modified 

Gilbert cell called a ómicromixerô was designed and tested. A 275 GHz RX chain using 130 nm SiGe 

with a modified Gilbert cell mixer topology was explored in [96]. The RX chip consumed 438 mW 

DC current. A D band (110-170 GHz) quadrature receiver in 130 nm SiGe and using a double 

balanced Gilbert cell mixer is presented in [97]. The receiver consumed 34 mW from the DC supply. 

A SiGe 90 nm 140-170 GHz receiver also using a Gilbert cell (requiring 3 dBm LO power) and 

overall drawing 136 mW DC power is described in [98]. 

At lower mmWave frequencies CMOS is applicable. In [99] a CMOS 5G (FR2 band) mixer operating 

at 24-40 GHz is presented. The mixer used coupled resonators within a double balanced mixer cell 

and drew 28.3 mW from the DC supply. In [100] a CMOS up and down conversion (bidirectional) 

mixer for FR2 allocation at 39 GHz is presented, drawing 39 mW. A double balanced Gilbert cell 

mixer in CMOS for 5G NR FR2 use at 24-40 GHz is presented in [101]. The mixer required a -10 

dBm LO power and drew 50.9 mW DC. 

4. 4. Paper 4 ï 28 GHz Portable Channel Sounder and Close to Ground 

Sounding Usage 
Paper 4 [4] is a complete propagation measurement system at 28 GHz and so the resulting bespoke RF 

hardware and signal processing is directly aligned with the overall focus of the thesis. The 28 GHz 

band is important for 5G and 6G communications. The recent availability of packaged commercial 

generic RF chips working at 28 GHz was a key reason to develop this sounder. All RF hardware was 

developed from scratch.  The algorithm used is developed onwards from that described in Paper 1 [1]. 

One key enhancement is around the SDR used for both TX and RX signal generation. This paper uses 

an ADALM Pluto which is based on an Analog Devices AD9363 series SDR and provides faster 

sampling rate of 61.44 Msamp/s and operation to 3.8 GHz (here used as a 2 GHz IF for the 28 GHz 

front end).  

The core contributions of the paper are twofold: 1) a new compact, hand-portable channel 

measurement system having the best dynamic range and RF hardware offering widest bandwidth of 

published sounders; 2) Measured data and extracted models for propagation scenarios close to ground 

at 28 GHz (no previous published data for such outdoor use case has been seen). 

The sounder theoretical system design is fully presented. The built system is verified against expected 

RF performance using calibrated lab test kit. The field trial propagation measurements are compared 

to standard models and other published results, using log-normal modelling techniques. 

The hardware design has been made open-source to support other researchers and industry working in 

the area needing low cost, high performance equipment [102]. The measured propagation results show 

that long range, close-to-ground communications at 28 GHz are possible with low loss: close to free 
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space path loss (FSPL). The new measurement data and resulting models at 28 GHz from the field 

tests show the usefulness of the bespoke sounding system in supporting unusual measurement 

scenarios. 

The work of Paper 4 [4] led to a project at the National Spectrum Centreôs Frongoch Farm site at the 

University of Aberystwyth, to investigate close-to-ground 28 GHz propagation in a rural environment.  

4. 4. 1. Frongoch Farm and National Spectrum Centre Tests 

The 28 GHz sounder system of Paper 4 [4] was later used in a measurement project at the National 

Spectrum Centre (NSC) [103], supported by QinetiQ. Tests were performed by Edward Ball, research 

associate (RA) Sumin David Joseph and PhD student Bill Gavin. Tests were performed on the 28th 

February 2023 to 1st March 2023. All sounding tests were performed at 27.65 GHz. 

Extensive measurements of close-to-ground propagation around a rural farm setting were 

investigated, with path loss results obtained and PL models extracted. This allowed the system to 

uncover propagation characteristics at 28 GHz in scenarios that would be extremely challenging to 

perform using lab equipment. The routes tested (A, B, C, D, E, F, G, H, N) are illustrated in Figure 9. 

Examples of the tested routes are also shown in Figure 10 - Figure 17. 

The tests using routes A-H were setup with a transmitter fixed at one end of a route to be tested and 

the sounding receiver then moved along the whole route - moving away from the TX and stopping at 

various distance intervals. At each stopping point, the RX was moved locally a few centimetres and 

the sounding measurement repeated a few times to capture any short-term or local fading effects. 

Distance was measured using a measuring wheel. Each sounding measurement took under 1 minute to 

complete, with the majority of the field test time taken by moving the equipment. For route N both the 

RX and the TX systems were moved as a pair (discussed below). 

 

 
Figure 9. Propagation test site routes A, B, C, D, E, F, G, H, N at the National Spectrum Centre, Frongoch Farm, Aberystwyth 

[Google maps: Map data ©2023 Google]. TX and RX systems together sound 1 route. 
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Figure 10. One of the sounder systems in a cart (route A). The 28 GHz horn antenna can be seen in stand on left of cart. 

 

 
Figure 11. Propagation sounding around the edge of a farm dwelling (route B). 

 

 
Figure 12. Propagation measurement along a road and into a wood (route C). 
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Figure 13. Propagation grazing the top of tall grasses (route D). 

 
Figure 14. Propagation over a bank - towards a cow shed (route E). 

 
Figure 15. Propagation in presence of metal buildings (route H). 
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Figure 16. Propagation through a wooded scrub area (route N) ς RX site. 

 

 
Figure 17. Propagation through a wooded scrub area (route N) ς TX site. RX system is on the other side of wood. Both TX 

and RX start near the gate on the left and are moved away from each other to increase the path length through the wood. 

The tests and propagation models emerging from Frongoch are discussed in a paper authored by the 

RA [7]. However, some additional observed data and fitted models are presented and discussed 

below, as illustration. 
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Figure 18. Route B measured propagation data and fitted model. (Route B is 178 m in total length and around the side of 

farm buildings, on a rough road). 

In Figure 18, corresponding to Route B, we see the 27.65 GHz PL close to FSPL (5) for up to the 100 

m TX-RX distance (after this point a building obscures the direct LoS path and the PL reaches the 

measurement floor ï signified by the 3 PL results near 135 dB). Averaged results for a location are 

based on 10 individual measurements. 

 

 
Figure 19. Route E measured propagation data and fitted model. (Route E is 240 m in total length and through an open, 

clipped grassy field, rising up to a brow and then descending again behind it). 

In Figure 19, corresponding to Route E over clipped grazing grass, we see the PL is also close to 

FSPL up to the 200 m TX-RX distance. After this point the brow of a hill obscured the direct LoS 

path and so the PL quickly degrades to the sounderôs measurement floor. The RE model (7) was used. 



32 

 
Figure 20. Route N measured propagation data and fitted model. (Route N is 99 m in total radio path length, through a 

wooded scrub area). 

In Figure 20, corresponding to Route N through a wooded area, we again see a PL with similar slope 

to FSPL but with a higher fixed offset. For this test, both the TX and the RX were moved together as a 

pair. This was to create a radio signal path length through the wood representing the hypotenuse of a 

triangle (TX and RX moving along the edges of the wood ï i.e. the other sides of the triangle). It can 

also be seen in Figure 20 that there is significant variation in readings (over short-changes in 

distance), which is due to the random chance of the LoS path being obscured (or not) by a tree trunk. 

In addition to the tree trunks, there is also additional scrub and bushes which lead to a general 

increased PL. It is proposed that a new bespoke model is needed to best represent this unusual PL 

scenario, possibly including a statistical parameter to represent the likelihood of a signal intercepting a 

trunk or not (based on a plantation density in an area of interest). 

4. 5. Paper 5 ï RX Subsampling TMA Concept and Prototype 
The TMA concept, as first explored in Paper 2 [2], can also be applied in an RX context. Because of 

the inherent switching function used in the TMA, it is possible to include other functions in the RX 

TMA that can make use of the switch and Paper 5 [5] does this by incorporating a subsampling 

feature. This combining of the TMA and subsampling ï named the Subsampling TMA (STMA) is a 

new and potentially powerful signal processing concept.  

Paper 5 [5] shows how a phased array in RX with direct subsampling to a low IF can be realised by 

simple RF hardware (principally focused on an RF switch and sampling circuit). This concept can be 

extended to frequencies beyond the RF switchôs operating capabilities by use of a mixer-first strategy. 

This could potentially allow a reduced cost and complexity mmWave RX phased array to be realised. 

In the context of a channel sounder, the STMA as published in Paper 5 [5] could be used to steer a 

single RX beam and so be used in a conventional channel sounding application, such as to identify 

AoAs. The beneficial simplifications here are that the STMA is digitally controlled, and a low IF is 

produced due to the subsampling- simplifying the required complexity of any attached sounding RX 

SDR.  

Since publishing Paper 5 [5], an improved method to calculate the array conversion gain (ACG) of the 

STMA has been identified, reported in [8] and now shown in (18). 

ὃὅὋὋ ςπÌÏÇὔ ςπÌÏÇ  dB    (18) 
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In (18) Gcell is the gain of 1 STMA cell, N is the array size and Tave is the average on time of all TMA 

cells in a frame period of length Tp. It can be seen in (18) that it is advantageous to maximise the Tave. 

4. 5. 1. STMA for use in Angle of Arrival  Sounding RX 

In channel sounding, a potentially useful novel feature of the STMA are the harmonic beams that are 

created at the IF output of the RX. Each of these discrete frequencies correspond to a particular phase 

applied to the incoming RF radiated signal at each element. This means that each RX harmonic beam 

seen at the IF corresponds to a phased array equivalent angle of arrival beam, allowing multiple 

arrival beams to be separated in frequency at the same time instant, as shown spectrally in Figure 21. 

 
Figure 21. An RX TMA (e.g. STMA) converts from a carrier (C0 boresight beam at carrier) to a set of harmonic beams, each 

centred at an angle of arrival for that beam. 

This use of the RX STMA would allow it to resolve the angles of arrival of multiple rays all in time 

coherence, since no RX beam sweeping is needed. This could allow temporal effects of a channel to 

be observed on the AoA, which is hard to do with a swept beam. This harmonic beam sounding 

concept is further investigated in TMA TX mode for Angle of Departure sounding in Paper 6 [6]. 

Direction of Arrival (DoA) and Direction of Departure (DoD) measurements are now commonly 

performed in channel sounding campaigns. As an example, in [104] the DoA was extracted from 

sequential observation using 32 antennas in an array, with each element used in sequences (one at a 

time) and with the array rotated in set angles. The concept was then used in a full channel sounder 

measurement system [105]. The AoA in a mobile setting was extracted in [106] using the ESPRIT 

technique, as an alternative to MUSIC. The sounder used 31 switched antennas, with each antenna 

observed in turn for the duration of a sounding PN sequence. However, these techniques all used 

sequential beam switching, which can be slow. 

4. 6. Paper 6 ï TX TMA Channel Sounder for Angle of Departure 

Soundings 
The TMA in TX mode generates a fan of harmonic beams. If the RF switch control waveforms are 

suitably designed (i.e. as a cascade of sequential switches being turned on and off in sequence) then 

the TX radiated harmonic beams are all present and have high power. As such, they can be used to 

illuminate a channel in different angles of departure simultaneously, as will now be discussed.  

An example of the required RF switch control staircase waveform is shown in Figure 22, for an 8-

element array. 
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Figure 22. TMA switch control ς example for an 8-element array for use in TX sounder. 

 

This approach contrasts with conventional techniques that either steer a beam from a phased array or 

physically rotate a TX antenna. In prior works, AoA and AoD are commonly reported as measured in 

MIMO channel sounders by post-processing the switched beams emitted from each element in turn, 

[104], [105], [106]. Depending on the end application and if  channel reciprocity is applicable, AoD 

may be used as a proxy for AoA at the same side of the link, if it is more convenient to measure.  

When using separate mmWave oscillators at the TX and RX sides of a sounder, frequency drift and 

phase drift can be a problem. Many systems use the GPS 1PPS as a time synchronisation, benefitting 

from the precision of GPS atomic clock timing. However, this may not be possible indoors, with poor 

GPS reception. When long duration tests are needed (such as for sequential beam switching in 

channel sounding) mechanisms to compensate for the phase drift are important research topics. A 

technique to compensate the phase drift in an LO in a channel sounder used in angular measurements 

at mmWave over a long run of tests is presented in [107]. An advantage of the TMA architecture here 

is that multiple beams are transmitted at once, which will reduce the scan time required and so reduce 

or remove the need for such carrier phase drift correction. 

The number of active elements in the TMA defines the available sounding angular range and the 

actual angle of emission for each TMA harmonic beam. Simulations of example beam locations 

illustrating this effect are shown in Figure 23 - Figure 25. 



35 

 
Figure 23. TX TMA simulation of harmonic beam angular positions for a 6-element array. 

 
Figure 24. TX TMA simulation of harmonic beam angular positions for an 8-element array. 

 
Figure 25. TX TMA simulation of harmonic beam angular positions for a 16-element array. 
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Since the TMA array is constructed of RF switches (or equivalent circuit functions), it is easy to 

dynamically select the actual number of active radiating elements by enabling or disabling groups of 

switches; and hence control the position of the harmonic beams as required for a particular sounding 

scenario. 

In Paper 6 [6], a single modulated TX PRBS signal is generated by the TX SDR (an ADALM Pluto) 

and the TMA hardware then converts this to a set of harmonic beams. Paper 6 [6] additionally 

identifies the necessary relationship between the PRBS modulated sounding signal BW and the TMA 

frame frequency Fp. The initial TX spectrum for the PRBS modulated carrier prior to application to 

the TMA RF input is shown in Figure 26 and the unmodulated TMA TX signals (showing TMA CW 

harmonic beams) is seen in Figure 27, clearly showing the need to manage the sounder modulation 

BW. 

 
Figure 26. PRBS modulated signal used in channel sounding - as applied to TMA input. 

 
Figure 27. TMA spectral emission with CW carrier applied ς note the expected harmonic beam spacing of 1 MHz. 

When the input PRBS modulated 5.8 GHz carrier is applied to the TMA, the desired TX sounding 

beams are produced. Example spectrum analyser captured emission spectra for two different 

omnidirectional RX antenna locations are shown in Figure 28, showing illustrative differences in AoD 

beam powers that could be resolved by a sounding RX. 
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Figure 28. TMA spectral emission with PRBS modulated carrier applied - illustrative examples for 2 different RX antenna 
locations showing the difference in RX beam powers that would represent AoD powers. 

Similar to Paper 1 [1], a correlation between the RX signal and the known TX PRBS is used to 

resolve the time domain delays, but now on each beam. A related key aspect in this paper is the 

demonstration of the frequency offset (implicitly applied to each sounding TX beam) due to 

harmonics of the TMA frame frequency Fp being correctly handled. This effect is accommodated in 

the sounding receiver by it correlating against the PRBS rotating at an IF offset of each multiple of the 

harmonic frequency Fp (i.e. specific to each beam).  

The multi-beam sounding algorithm concept was initially tested using a Matlab simulation, using a 

test channel that applies a specified delay and amplitude scaling to each of the TMA harmonic beams. 

The simulation settings used are shown in Table 2 and the C0 beam RX power was set to -50 dBm. 

The simulation thus creates a scenario with user configurable delay and amplitude scaling for the 

propagation channel that is carrying each of the 7 TMA beams (C0 ï C3n). This allows the 

algorithmôs ability to independently resolve each TMA beamôs power and delay to be demonstrated. 

Table 2. TMA AoD test simulation settings. 

Beam Beam amplitude applied by test channel (dB) Beam delay applied by test channel (µs) 

C0 0 30 

C1p -2 40 

C1n -4 50 

C2p -6 60 

C2n -8 70 

C3p -10 80 

C3n -12 90 

 

In all cases the RX TMA sounder algorithm correctly extracts the composite delay channel impulses 

for all the beams, as shown in Figure 29, and extracts each individual beamôs impulse as shown in 

Figure 30 - Figure 36 (compared to simulation setup defined in Table 2). 
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Figure 29. Example simulation of extracted beam delays and powers showing each beam has been uniquely resolved. (Here 

the applied signal was a 10 µs incremental path delay and 2 dB incremental path attenuation.) 

 

 
Figure 30. Example simulation of extracted C0 beam delay. 
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Figure 31. Example simulation of extracted C1p beam delay. 

 

 
Figure 32. Example simulation of extracted C1n beam delay. 



40 

 
Figure 33. Example simulation of extracted C2p beam delay. 

 

 
Figure 34. Example simulation of extracted C2n beam delay. 
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Figure 35. Example simulation of extracted C3p beam delay. 

 
Figure 36. Example simulation of extracted C3n beam delay. 

The work in Paper 6 [6] is the first demonstration of the TX TMA in a multi-beam channel sounder 

concept. The results for the measured indoor channels show reasonable agreement to ITU-R.P.1238-

12 PL models, further confirming the usefulness of the approach.  
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The time domain resolution for the beam power delay profile is ultimately defined by the sampling 

rate of the SDR (which limits the sounding PRBS bit rate) and the switching speed of the TX TMAôs 

RF switches (which limits Fp). In the current hardware the limiting factor is the RF switch (Analog 

Devices HMC7992). Future versions of the system should explore using faster RF switches, and 

potentially a faster sampling SDR, to enable improved indoor sounding with nano second delays as 

commonly required and reported by others. 

However, an important contribution of Paper 6 [6] is the demonstration that the system can resolve 

delays between harmonic beams that are less than the theoretical limit imposed for detecting a delay 

on a single beam due to correlation of the PBRS bit period. 

The use of the TMA in this new sounding concept allows a channel to be assessed in multiple discrete 

angles of departure at the same instant in time (thus providing temporal measurement coherence). 

This may allow certain time-dependent characteristics of a channel to be captured that could 

otherwise be missed when scanning a sounding beam. 

4. 6. 1. AoD Angular Spread Measurement from the TX TMA Sounder 

In Paper 6 [6], indoor testing was performed in a Café and a Corridor area, to show the applicability 

of the TMA in sounding real channels, as illustrated in Figure 38. Angular Spread (AS) assessments 

have subsequently been performed on the measured data and are now presented in this subsection.  

     
Figure 37. Example test sites from Café scenario (left) and Corridor scenario (right), as seen from example RX SDR locations. 

An AS calculation is usually applied to the angularly resolved multipath components resulting from a 

sounding run. This could instead be inferred from sweeping a narrow beam at the TX or RX. In the 

TMA system, the sounder is illuminating a channel in several defined beam directions all at once. 

These discrete beams could be considered as (some of) the MPC paths that would exist if an 

omnidirectional TX antenna were used. Therefore, a limited calculation of the channel AS can be 

performed using the TMA sounder system as demonstrated.  

The RMS AS calculation for the TMA sounder uses the method described in Section 1. 8. 3. The 

resulting RMS AS for the Café scenario as described in Paper 6 [6] is shown in Figure 38. As seen in 

the Paper, most of the MPCs in the measurements appear coincident in time for a given pointing 

angle, since most reflection delays were generally below the measurement resolution of the system. 
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Figure 38. Calculated RMS AS for Café scenario (TX array rotated in steps for each TMA run, constant distance to RX). 

Figure 38 shows that AS is a minimum when the TX array is pointing directly at the RX, but tends to 

increase as the TX array is physically rotated away (possibly due to more opportunity for illumination 

of adjacent reflecting surfaces and a less dominant LoS beam). 

The resulting RMS AS for the Corridor scenario as described in the paper is shown in Figure 39. 

 
Figure 39. Calculated RMS AS for Corridor scenario (TX array pointed at RX and only distance is varied). 

In the corridor scenario, the AS varies little over the 10 ï 40 m test range (likely due to the TX array 

always pointing directly at the RX). However, a more notable (though still small) variation is seen at 

50 m. This small change corresponds to a location where the mobile RX was moving from a region 

with only an adjacent brick wall as the suspected main source of reflections, to a region now also 

including adjacent structures of the nearby Café building. The AS also appears to be increasing after 

60 m. 

Both the above graphs show the applicability of the TMA for (at least) indicative AS measurements. 
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AS usually does not consider MPC delay. The novel feature of the TMA sounderôs ability to resolve 

the delay between the harmonic beams could be used to extract AS as a function of path delay, when 

multiple beam MPCs are resolved. This could lead to a set of graphs for AS vs delay, all from a single 

measurement run. 
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5.  Paper 1 ï Portable VHF / UHF IoT Sounder 

{ Reproduced as published ï author accepted version.}  

© 2019 IET. Reprinted, with permission. E. A. Ball, ñDesign and field trial measurement results for a 

portable and low-cost very-high-frequency/ultra-high-frequency channel sounder platform for Internet 

of things propagation research,ò IET Microwaves, Antennas and Propagation, vol. 13, no. 6, pp. 714ï

724, May 2019. DOI https://doi.org/10.1049/iet-map.2018.5827 

(Published version [1].) 

 

 

https://doi.org/10.1049/iet-map.2018.5827


46 

 

Design and field trial measurement results for a portable and low cost VHF / UHF 
channel sounder platform for IoT propagation research 
 

E. A. Ball 1 

 

1 Department of Electronic and Electrical Engineering, The University of Sheffield, Sheffield, S1 4ET, UK 

e.a.ball@sheffield.ac.uk 

 

Abstract: Propagation research is vital for informing the design of reliable VHF and UHF communications systems for the 
Internet of Things (IoT). In this paper, a cost-effective and highly portable system is proposed and then used to obtain 
propagation measurements in city and suburban scenarios at 71 MHz and 869.525 MHz. The system calculates the 
received power, power delay profile and channel frequency response. The portable sounding receiver uses readily 
available parts: an RTL-SDR (covering 27 MHz ς 1.7 GHz) and a Raspberry Pi with touchscreen. The Pi implements all the 
channel sounding signal processing algorithms in Python, in near real-time. Extracted propagation data and models are 
presented, from example city and suburban field trials incorporating pedestrian and car use. 

 

1. Introduction 

Industrial and commercial interest and application of 

the Internet of Things (IoT) continues to grow, with both 

standards-based solutions and multiple proprietary systems 

jockeying for adoption. Emerging systems include NB-IoT 

and also 802.11ah ñHaLowò [1] as well as the commercial 

LoRa [2] and Sigfox [3] systems. Even though systems are 

being brought to market, there still exist many fundamental 

research opportunities for antennas and propagation, in IoT 

specific use cases. There is also a need for practical systems 

to evaluate propagation performance and link budgets, for 

commercial applications and also for use in student teaching. 

A particular area of valuable research involves long range 

RF systems that are very low power and low cost, possibly 

powered by coin cells (e.g. CR2032) and supporting high 

reliability use cases, with multi-year life expectancy. Such 

devices could serve, for example, in connecting future city 

infrastructure or ubiquitous social care and healthcare 

systems. 

VHF spectrum at 55-68 MHz, 70.5-71.5 MHz and 

80.0-81.5 MHz has been promoted by Ofcom in the UK for 

use in IoT applications [4]. In the EU, Short Range Devices 

(SRD) spectrum in 863-870 MHz is widely employed for 

generic radio systems [5] and is where many commercial EU 

IoT systems currently operate. This is comparable to the 915 

MHz Industrial Scientific & Medical spectrum widely used 

in the USA and Oceania. 

Future high reliability and novel IoT radio systems 

may exploit multiple RF bands as well as reconfigurable 

modulation and cognitive radio aspects. This all requires 

fundamental, real world, understanding of the radio spectrum 

occupancy and usage, as well as propagation and noise floor 

characteristics for the bands. 

To assist in the capture of IoT VHF and UHF 

propagation information, a low-cost, portable and frequency-

agile system has been created and is described in this paper. 

The system consists of a fixed transmitter and a pedestrian 

portable Channel Sounding Receiver (CSR) [6]. The CSR 

allows near real-time capture and display of the channel 

response in operational environments, such as urban canyons 

or remote rural locations. The CSR system is built using an 

RTL-SDR and Raspberry Pi 3B (R-Pi) with touchscreen- all 

powered by a USB battery power pack. The RTL-SDR 

imposes a maximum RF capture bandwidth (BW) of 2 MHz, 

but this is considered sufficient for our IoT propagation 

measurements since IoT radio systems for long range tend to 

not use multi-megahertz RF BWs (often significantly less). 

This paper continues in section 2 with a discussion of 

IoT propagation; the channel sounding hardware used in 

section 3; channel sounding algorithm design in section 4 

and lab testing of the system in section 5. Section 6 presents 

example measurements from a small scale city field trial 

campaign, followed in section 7 with results from a suburban 

measurement campaign. Section 8 presents models for the 

extracted propagation path loss data, suitable for use in IoT 

link budgets. Section 9 presents values for RMS delay spread, 

estimated from the field trial results. 

The contributions of this paper are: 1) creation of a 

novel, low-cost, portable, near real-time channel sounding 

platform, 2) development of efficient algorithms for 

extracting the channel power delay profile and frequency 

response, 3) usage of the system to obtain example 

propagation data in suburban and city environments; leading 

to simple propagation models for use in IoT system design. 

2. VHF / UHF Propagation and IoT Use Cases  

The need for the CSR system emerged from our 

desire to be able to understand and model the propagation in 

various RF bands for specific use cases involving long range 

IoT communications. These use cases could include discreet 

body-worn miniature transceivers used for medical data 

telemetry and social care applications (fall detector alert 

systems, Alzheimer patient monitoring, etc). There are many 

other emerging diverse applications for the IoT, including 

control of industrial plant, city infrastructure and smart 

agriculture [7]. To be fully representative, the channel data 

should be extracted in the target use case (e.g. sitting, lying 

for social care applications) which requires compact and 

portable measurement equipment. Such insight is valuable 

for devising and creating novel future IoT systems, which 

may address un-met use cases. The VHF and UHF spectrum 

is particularly attractive for long range communications, 

mailto:e.a.ball@sheffield.ac.uk
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though antenna efficiency is often challenging. VHF and 

UHF propagation has been extensively studied over the years, 

for both commercial and military uses (e.g. [8], [9], [10]). 

There have also been investigations into short range 

applications [11]. 

Previously reported VHF and UHF RMS delay 

spreads have been observed to be typically in ranges of 100 

ns to 2 µs at distances of up to 2 km in various urban settings 

[12], [13], [14], [15] though occasionally reaching 5 µs when 

indoor-outdoor transitions are included [16]. In contrast, the 

delay spreads in mountainous regions at VHF have achieved 

8 µs [13] to 30 µs [17]. Propagation from devices with 

antennas near to ground, using VHF spectrum, has been 

shown to include significant path loss effects due to building 

roof line knife-edge diffraction [18]. 

Traditional path loss models focus on broadcast or 

cellular systems so are not relevant or representative of the 

use cases for IoT. New research is now developing 

propagation models for VHF systems that are close to ground 

for short range outdoor applications [19], [7], [15] and 

indoor-outdoor transitions [20], but the need for a compact 

and portable low cost CSR is clear, to provoke and enable 

further research. 

 Short range communications research has shown that 

multipath effects are less significant at VHF [19], [20] due 

to the reduced size of scatterers compared to the wavelength, 

manifesting itself as propagation with low delay spread.  

In a general RF communications system it is highly 

desirable to use a symbol duration significantly longer than 

the RMS delay spread, since channel equalisation can be 

avoided. Such possible reductions of complexity are vital to 

cost-effective IoT applications. Since reported RMS delay 

spreads are typically less than 2 µs therefore implies a 20 µs 

minimum symbol duration would be desirable. 

The CSR system proposed in this paper can be used 

to investigate and characterise propagation delay spread and 

channel conditions for any use case in the field and, although 

currently focused on 869 MHz and 71 MHz bands, could be 

deployed to measure anywhere within the frequency range 

of the RTL-SDR and companion transmitter or signal 

generator. 

3. Channel Sounding Receiver Hardware 

The channel sounding system consists of a transmitter 

and receiver. The transmitter is either an RF vector signal 

generator or a dedicated companion channel sounding 

transmitter (both are operated at a fixed location). The 

Channel Sounding Receiver (CSR) is highly portable and 

incorporates a display for channel impulse Power Delay 

Profile (PDP) and frequency response. In the tests presented 

here an Agilent E4437B signal generator is used as the TX 

signal source, loaded with waveform files created to suit the 

CSR. A dedicated companion transmitter has also been 

created and demonstrated at 71 MHz, which is the subject of 

future papers. The hardware used to make the CSR consists 

of:- 

Å Raspberry Pi 3B   

Å Raspberry Pi 7ò or 3.5ò touchscreen & case  

Å NooElec RTL-SDR with 0.5 ppm reference oscillator   

Å 5.4 Ahr portable USB battery pack  

 

Fig. 1.  RTL-SDR & 7ò Touchscreen CSR, showing example 

869 MHz channel PDP and frequency response. 

 

Fig. 2.  RTL-SDR & 3.5ò Touchscreen CSR, 869 MHz 

antenna attached. 

The complete cost for the 3.5ò touchscreen CSR variant is 

circa £85, making it extremely cost-effective for both 

research in VHF / UHF propagation and teaching 

applications. Both CSRs are shown in operation in Figs. 1 

and 2. The use of a USB extension lead is important since it 

allows the RTL-SDR and its associated antenna to be placed 

optimally for the propagation trial and also helps separate it 

from sources of RF interference in the R-Pi. Ferrite clamps 

on both the USB cable and RG316 coax were also found to 

be essential: further reducing interference from the R-Pi that 

can otherwise desensitise the RTL-SDR, particularly at 71 

MHz. 

4. Channel Sounding Algorithm 

The transmitting signal generator is used to illuminate 

the channel with a known BPSK modulated Pseudo Random 

Binary Sequence (PRBS). The same PRBS sequence is used 

in the CSR to perform a correlation against the received 

signal and thus extract the channel response. The CSR 

performs all the Digital Signal Processing (DSP) on the 

captured IQ data waveforms using Python and is able to 

display the extracted time domain and frequency domain 

plots to the user in near real time (under 5 seconds). 

 



48 

 

4.1 PRBS M-Sequence Selection 
 

The system uses a PRBS-9 (511 bit) Maximum-

length (M) sequence, providing a processing gain of 27 dB. 

The PRBS M-sequence is coded into the CSR in advance of 

the sounding activity, which avoids the need for any 

spreading code acquisition stages prior to sounding and thus 

reducing complexity. It is also beneficial to avoid the need 

for any frequency acquisition stage after data capture; further 

reducing complexity. Although the R-Pi is a capable 

platform for code development and execution, the avoidance 

of the above stages helps minimise the processing time in the 

field. The need for carrier frequency acquisition can be 

avoided by recognising that if the phase rotation of the RX 

IQ data (due to frequency errors) is less than 180 degrees 

over one complete PRBS frame then BPSK signals can be 

demodulated without error. The limiting relationship 

between maximum PRBS frame length and overall 

frequency error (composite of RX oscillator error and TX 

carrier error) is shown in (1).  

 

“ ‫Ὕ                   (1) 
 

In (1), Ὕ is the duration (seconds) of a single PRBS frame 

and ‫  is the overall frequency error (rad/s) at the RX 

Intermediate Frequency (IF). The worst-case frequency 

errors are 0.5 ppm for the RTL-SDR and 1 ppm for the 

ESG4437B TX signal generator. The RTL-SDR is capable 

of sampling IQ data at 2 Msample/s, which would provide a 

direct conversion captured RF BW at the carrier of 2 MHz. 

To obtain the maximum channel temporal detail requires 

maximum illuminated BW, so a BPSK bitrate of 1 Mb/s was 

chosen, thus occupying the 2 MHz IF BW to the first sinc 

nulls. Clocking the PRBS symbols at 1 Mb/s and applying 

(1) predicts the CSR should tolerate IF frequency errors of 

up to 978 Hz. To achieve this long term would require GPS-

lock of the TX signal generator and CSR, which is 

inconvenient. The RTL-SDR uses an internal temperature 

compensated crystal oscillator and the ESG4437B has a 

temperature controlled oven, so perceived carrier drift is 

minimal in practice, which allows the considerable 

simplification of applying an experimentally determined 

carrier offset correction to the TX signal. This ensures that 

the overall error at the CSR IF is manually controlled to 

below 978 Hz. The ESG4437B internal reference has proven 

to be very stable after warming up, hence this initial 

correction approach has proven acceptable for the duration 

of all measurement campaigns so far.  

 

4.2 Correlation Technique in Channel Sounding 
Receiver 

 
The CSRôs main task is to perform a correlation 

between the received IQ data and the known TX PRBS 

sequence. This correlation can be performed in the time 

domain, but this is not computationally efficient. A more 

computationally efficient alternative is to perform the 

correlation of the two signals via the frequency domain [21], 

[22], [23] using convolution and then return the result back 

to the time domain. It is this Fast Fourier Transform circular 

convolution (matched filter) approach that is employed in the 

CSR, described in (2). 

 

ὅ ὍὊὊὝὌὪᶻὋὪ          (2) 

In (2), H(f) and G(f) are the Fourier transforms of time series 

h(n) and g(n) respectively and * denotes complex 

conjugation. C is the resulting cross-correlation array of the 

time series, resulting from the Inverse Fast Fourier 

Transform (IFFT) operation. Python code in the R-Pi 

interfaces to the RTL-SDR as well as implementing the 

required DSP algorithms and thus providing near real-time 

visualisation of the delay spread and frequency response of 

the propagation channel at a particular location. The CSR 

algorithm was written in Matlab and Python, allowing 

students to follow and modify the code. The RTL-SDRôs 

internal RX gain is set to 49 dB and configured to capture 

samples representing 32 full PRBS frames, storing the 

captured data to file for analysis. The CSR algorithm to be 

described is based on a simplified version of those used in 

[21], [22], [23]. 

In the following descriptions, variables holding arrays 

of samples are italicised and in bold. Assume there are N 

complex samples per received PRBS frame (PRBS sequence 

length 511, oversampled by factor 2, i.e. N = 1022). The RX 

data from the RTL-SDR is partitioned into segments of 

length 2N: rx_sequence_2N[1..2N], which facilitates robust 

detection of at least one strong correlation peak, regardless 

of time offset in the captured RX data, compared to the TX 

PRBS. The overall captured RX data file is then processed 

in 16 such segments, each of length 2N samples, using the 

following pseudo-algorithm [6]: 

 

1. Since the FFT input data must be periodic in time 

and the RX data is processed in lengths of 2N, the 

TX correlation sequence of length N (for matched 

filtering) must be extended with zeros to length 

2N: tx_sequence = concatenate [PRBS, zeros(N)] 

2. Compute the FFT of the time domain TX 

sequence: T = FFT(tx_sequence). This can be 

calculated in advance since it is fixed. 

3. Select segment K in turn (0..15) of length 2N 

samples from the captured RX data rx_data:  

rx_sequence_2N = rx_data[K2N : (K+1)2N-1] 

4. Compute the FFT of Kth time domain RX 

segment: R = FFT(rx_sequence_2N) 

5. Compute the conjugate of the frequency domain 

representation of received data:       

Rconj = conjugate(R) 

6. Compute the delay profile for segment K by 

element-wise multiplying Rconj & T and then 

taking inverse FFT: time_response = 

IFFT(Rconj.T) 

7. Finally, compute the delay profile magnitude of 

segment K: time_response_mag = 

abs(time_response) 

 

The time domain samples in time_response_mag are 

then summed across each of the K frames, producing a single 

array for the composite Power Delay Profile (PDP) response 
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of the channel at the measurement location. The magnitude 

response of the 16 frames is used for combination since the 

impulses have a phase rotation, due to IF errors, which can 

otherwise reduce the combined SNR. Additionally, an FFT 

of the time_response array contains the frequency domain 

response of the channel for the Kth frame (bins 1..N for 

positive spectrum above carrier and bins N+1..2N for 

negative spectrum below RX carrier). Similar to the time 

domain response, the magnitude of the 16 frequency domain 

responses can then be summed to produce a composite 

channel frequency response for the CSRôs location. 

The sinc response of the BPSK signal is imposed on 

the RX channel spectrum, requiring steps be taken to 

equalise it. The RTL-SDR was also found to add further non-

linearity as a function of RX signal level. Thus, amplitude 

equalisation was required to address both issues. The BPSK 

frequency domain response, for use in equalisation (after 

inversion), at FFT bin x out of N is given by (3). 

 

║╟╢╚ͅ►▄▼▬▫▪▼▄ὼ ίὭὲὧ         (3) 

From lab characterisation of the RTL-SDR, exponent n is 

selected based on the magnitude of the maximum time 

domain RX signal correlation peak, Cp, using (4a) or (4b). 

 

ὲ πȢςυÌÎὅὴ πȢρ   (if Cp<4500)      (4a) 

ὲ πȢπωÌÎὅὴ ρȢρψ (if Cp>4500)      (4b) 

Cp is the maximum value seen in time_response_mag array 

and also directly represents the RX RF power at the test 

location. The conversion of the correlation peak value Cp to 

an equivalent RF RX power is performed using (5). 

 

ὙὢὴέύὩὶρπÌÏÇὅὴ ρυωȢψ dBm       (5) 

 

The conversion offset value of -159.8 dBm in (5) was found 

experimentally during lab calibration and represents the 

composite gains of the RTL-SDR hardware and cable losses. 

5. Testing of the Channel Sounding System  

Prior to field use of the sounding system, it was 

subject to performance testing and calibration. Tests using a 

simulation model of a reflective channel were performed 

first, to validate the CSR algorithms. The simulated channel 

consisted of a primary ray with 1 reflection of delay 53 µs 

and with the same amplitude. The correctly extracted 

impulse response is presented in Fig. 3a with a primary 

signal visible at 100 µs offset and 1 reflection with path delta 

of 53 µs. Fig. 3b shows the corresponding frequency 

response of the simulated channel. A 53 µs delay in the 

channel model should present itself as spectral peaks and 

nulls with a period of 18.9 kHz and this matches well with 

Fig. 3b. 

The ability of the CSR to resolve emulated reflections 

was also tested. Here, the ESG4437B produced the CSRôs 

PRBS modulated BPSK signal and the signal from a separate 

(unsynchronised) VHF channel sounding transmitter were 

attenuated and then combined - representing a primary path 

with 1 random reflection delay. The CSR was then used to 

extract the impulse response from the resulting composite 

signal. Since the signal generator and TX sounder were not 

synchronised, the time separation between impulses is 

random for each test. Fig. 4 shows the CSR captured impulse 

response for the 2 equal amplitude signals, resolved at 53 µs 

apart. With the two signals at the same level, significant 

spectral nulling occurs, as would be expected. The nulls are 

visible in Fig. 4b, with 18.5 kHz spacing, which agrees well 

with the expected 18.9 kHz due to a reflection delay of 53 µs 

and also with the results of Fig 3. 

 

 
 a                  b 

 Fig. 3.  Channel response with 1 simulated reflection at 

53µs delay, from a 100 µs primary signal. (a) PDP, (b) 

Frequency response with 18.6 kHz null spacing 

 

 
 a                  b 

Fig. 4.  Channel response for cabled emulation system, both 

signals at -95 dBm. (a) PDP, (b) Frequency response with 

18.5 kHz null spacing 

 

 
 a                  b 

Fig. 5.  Channel response for emulation system: signal 

generator at -105 dBm & sounder TX at -95 dBm. (a) PDP, 

(b) Close up of frequency response 
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 a                  b 

Fig. 6.  Channel response for emulation system: signal 

generator at -115 dBm & sounder TX at -95 dBm. (a) PDP, 

(b) Frequency response 

 

As the relative level of the emulated reflection 

decreases, the passband ripple in the channel response also 

decreases, as expected. With an emulated reflection of -10 

dB, Fig. 5b shows circa 6 dB of ripple. As a final reflection 

emulation test, the emulated path amplitude difference was 

increased to 20 dB, resulting in the impulse response shown 

in Fig. 6. The resulting channel response has circa 3 dB of 

passband ripple and the spectral nulls are now 15.5 kHz apart, 

which agrees well with the expected 15.4 kHz due to the 65 

µs reflection delay. 

Overall, the above results show that the CSR system 

is working as expected. Note that in all time domain PDP 

figures, the absolute time delay of the primary correlation 

peak is random, due to the random initial M-sequence 

alignments between the TX and CSR RX. The CSR RX 

power measuring accuracy was tested with conducted signals, 

prior to use in the field. Table 1 presents the results of the 

CSR calculating the RX power, using (5). 

 

Table 1 CSR RX Power Test 

Conducted RF RX 

power at 71 or 869 

MHz  

(dBm) 

CSR detected 

power at 71 

MHz  

(dBm) 

CSR detected 

power at 869 

MHz 

(dBm) 

   

-80 -75 -76 

-90 -87 -87 

-100 -99 -100 

-110 -109 -110 

-120 -121 -122 

-130  -131 -131 

 

When a conducted signal without a reflections is 

received, the CSR is expected to produce a flat channel 

response and single correlation peak. This is confirmed for 

both bands in Figs. 7 and 8, using a test signal of -90dBm. 

 

 
 a                  b 

Fig. 7.  71 MHz Conducted channel response (-90dBm). 

(a) PDP, (b) Frequency response 

 

 
 a                  b 

Fig. 8.  869 MHz Conducted channel response (-90dBm). 

(a) PDP, (b) Frequency response 

 

The lab measured conducted sensitivity of the CSR is 

-125 dBm at 71 MHz and -130 dBm at 869.525 MHz, both 

for a displayed 10 dB correlation peak to noise ratio. 

6. City Field Trials 

One of the main purposes of the CSR is to facilitate 

rapid measurements of channel response and path loss in 

portable and mobile use cases. The frequencies investigated 

were centred on 71 MHz and 869.525 MHz, representing the 

two IoT bands of interest. To support pedestrian portable 

field tests, a commercial 868 MHz sleeved dipole whip 

antenna and a custom 71 MHz loop antenna were used, as 

shown in Fig. 9. For each case, the CSR test antenna was 

held at armôs length and with the radiating structure 

approximately at the operatorôs head height. 

Initial field trials of the CSR in a pedestrian mobile 

test route through Sheffield city centre (53°22ô50òN, 

1Á28ô40òW) produced early results, select examples of 

which are reported in this section. The TX modulated source 

was the ESG4437B signal generator feeding a VHF folded 

dipole, or UHF whip, as appropriate, both mounted on a first 

floor office window.  

The bespoke 71 MHz loop antenna had a BW of circa 

200 kHz, which superimposed its response onto the extracted 

propagation channel response. The imposed BW limit can be 

seen, for example, on Fig. 10b. (This unwanted frequency 

response could be modelled and equalised from the CSR 

results, if required.) 
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Fig. 9.  Portable RX test antennas for 869 MHz (whip on left) 

and 71 MHz (loop on right). 

 

 
 a                  b 

Fig. 10.  71 MHz Channel impulse response (76 m). 

(a) PDP, (b) Frequency response (central peak due to 

antenna BW) 

 

 
 a                  b 

Fig. 11.  71 MHz Channel impulse response (190 m). 

(a) PDP, (b) Frequency response  

 

Fig. 10 show an example channel impulse PDP and 

frequency response for measurements at 71 MHz with the 

CSR circa 76 m from the TX source. Fig. 11 show channel 

delay and frequency response for measurements at a non-

line-of-sight street location circa 190 m from the sounder TX. 

Note the in-band tone interference on the extracted channel 

frequency response of Fig 11b. 

Measurements were then taken on the same 

pedestrian mobile route incorporating the same test locations, 

using 869.525 MHz. The UHF test antenna used was broad 

band, so gave negligible shaping to the recovered spectrum. 

Fig. 12 shows an example channel responses extracted for a 

measurement location. The slope of the channel frequency 

responses suggests a sub 1 µs delay spread, which is 

plausible since no echo signal was seen resolved in the time 

domain. Delay spread calculations based on all observed 

PDPs are presented in section 9. 

 

 
 a                  b 

Fig. 12.  869 MHz pedestrian mobile channel response (76 

m). (a) PDP, (b) Frequency response. 

 

 
 a                  b 

Fig. 13.  869 MHz pedestrian mobile channel response (152 

m). (a) PDP, (b) Frequency response 

 
 a                  b 

Fig. 14.  Example interference observed in 71 MHz city tests. 

(a) MS2712E time domain (zero span), (b) Close up of 

resulting frequency response from CSR 

Fig. 13 shows a single broad null, again suggesting a 

delay spread of significantly less than a 1 µs. As before, no 

echo is seen with delay exceeding 1 µs. Most of the 

measurements made during this test route showed a broadly 

flat channel response. 

Although the delay spreads in the 71 MHz and 869 

MHz examples are expected to be low (due to short 

distances), interesting channel frequency responses are still 

observed, which can inform use case link budget design. 

Extracted channel path loss models using the data are 

presented in section 8. 
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During the city tests, several locations were noted 

where interference was present (usually seen on the channel 

frequency response). During a subsequent investigation 

using a portable spectrum analyser (Anritsu Spectrum 

Master MS2712E) and antennas, the presence of sources of 

RF interference at various CSR field test locations was 

confirmed; with observed RX powers up to -100 dBm at 

869.5 MHz and -80 dBm at 71 MHz (measured in a 10 kHz 

BW). The interference was often elaborate and intermittent, 

presenting as both an increase in white noise as well as 

additional random periodic events. A time domain example 

from a site with only periodic noise is shown in Fig 14a, as 

captured on the MS2712E and showing a periodicity of 40 

µs. The equivalent channel response recovered by the CSR 

is shown in Fig 14b, displaying a frequency domain 

periodicity due to the same interference of circa 25 kHz, as 

would expected given the time domain signal. The sources 

of the interference could include commercial and domestic 

IT and lighting [24] systems as well as other legitimate users 

of the bands, such as EN 300 220 SRDs. 

According to the manufacturerôs data, the gains of the 

869MHz whip antennas were 3 dBi and the gain of the 

71MHz dipole was 0 dBd. The bespoke 71 MHz loop 

antennaôs gain was calculated to be ï2.2 dBi, with a 

bandwidth of 135 kHz, using standard loop design 

techniques [25]. The CSR system radiated power 

measurement accuracy was evaluated during field tests with 

antennas in operational positions; 4.5 m apart to approximate 

a reflection-less Free Space Path Loss propagation scenario. 

The conducted TX power feeding the specific TX antenna 

was -50 dBm. In this close-range test configuration, the CSR 

RX power was found to be within 1.2 dB of the expected 

power for 71 MHz (loop optimally orientated towards 

dipole), within 1.9 dB for the pedestrian 869 MHz system 

and within 2 dB for both 71 MHz and 869 MHz car setups- 

thus confirming that the overall cascaded antenna gains and 

system conversions are close to expectations and CSR 

system operation is acceptable.  

The 71 MHz loop antenna is directional (maximum 

gain in the plane of the loop), so select propagation 

measurements have been performed taking measurements 

with both 90 degree orientations at each location. 

7. Suburban Residential Field Trials 

Measurements were also performed around a hilly 

residential area of Sheffield (53Á21ô50òN, 1Á29ô35òW) 

incorporating mixed housing, trees and vegetation. Two 

different measurement runs were executed: pedestrian 

mobile and car mobile. In both cases, the TX antennas were 

sited 4.3 m above ground at the rear of a dwelling, providing 

good RF illumination towards both the city and residential 

areas in the east of the city.  

For tests at 71 MHz, a vertically polarised dipole 

antenna was mounted outside of the dwelling hosting the TX, 

as shown in Fig. 15. During UHF soundings, the VHF dipole 

was removed and replaced with a UHF sleeved dipole whip 

antenna. 

 

7.1 Pedestrian mobile 
 

The pedestrian mobile test route incorporated a 

journey around the streets near the dwelling. This use case 

could represent a user installed IoT system, with coverage 

required around the immediate neighbourhood. The figures 

presented in this section represent some of the notable 

channel responses obtained, rather than an exhaustive 

collection. The actual BW of the 71 MHz RX loop antenna 

is circa 200 kHz and superimposes its response on the 

measured channel response, as discussed in section 6. 

In general, after accounting for the loop antennaôs 

response, the propagation channel frequency response for the 

71 MHz pedestrian mobile scenario was flat - but with some 

exceptions which are now presented in Figs. 16-17. The deep 

null on the right of Fig. 16a and on the left of Fig. 16b are in 

contrast with boosted signal on the other side of their 

respective plots (compared to the example reference 

response seen in Fig. 10). This suggests both constructive 

and destructive signal combination is occurring within the 

observed frequency range, but with a delay spread that is 

much less than 1 µs. Fig. 17 shows a deep central null 

(nulling out the 71 MHz loop antennaôs peak), also with 

interference. 

Only one CSR test location provided an observable 

PDP reflection (value -20 dB). The spectrum for this location 

was flat, as would be expected for such a weak reflection. 

 

 
Fig. 15.  VHF TX antenna located at the first floor window 

of dwelling. 

 

 
 a                  b 

Fig. 16.  71 MHz pedestrian mobile channel response.  

(a) 198m (b) 314m, with interference 
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Fig. 17.  71 MHz pedestrian mobile channel response (414 

m), with interference. 

 
Fig. 18.  869 MHz pedestrian mobile channel response (107 

m). 

 

Measurements were also taken at 869.525 MHz on 

the same pedestrian test route. Fig. 18 shows a pronounced 

fade near the band centre and what could be the start of 

second nulls at +/- 1 MHz. However, at 869.525 MHz the 

fading was generally flat across the observed spectrum, 

though sometimes with shallow fades of depth 5dB. 

Measurements were made for direct path distances of 

up to 500 m - with very few observable time domain 

reflections exceeding the 1 µs resolution, and those that were 

present always being below -20 dB. This also manifests itself 

with only a small number of locations presenting with 

spectral nulls: operation at 71 MHz being more susceptible 

to such nulls. 

 

7.2 Car mobile 
 

For car mobile propagation measurements, a test 

route was devised consisting of a circuitous route extending 

radially to 5 km from the TX, through hilly, mixed suburban 

areas. This could represent a use case where a user installed 

IoT system is required to have coverage around a city region. 

The CSR RX antennas for 869.525 MHz and 71 MHz were 

quarter wavelength whips with magnetic mounts in the 

centre of the car roof. The test route included various 

elevations with respect to the TX site (differential heights 

ranging from +83 m to -50 m). 

Figs. 19-20 show notable channel responses obtained 

at 71 MHz during the car test route. Fig. 19b shows the 

recovered 71 MHz frequency response is notably flatter, due 

to the use of a broad band UHF whip antenna, rather than the 

loop. Figs. 19-20 are typical of the VHF PDP and frequency 

responses in showing broadly flat spectrum and no 

resolvable reflections, to a 4 km range. 

A small number of CSR test locations did present 

non-flat channel frequency responses, such as Fig. 21. As 

with previous measurements, the dimensions of the null 

suggest a sub-microsecond echo delay. 

The same car route was then investigated at 869.525 

MHz. The majority of spectra collected were either broadly 

flat or showing only modest shaping due to reflections. For 

example, Fig. 22 shows circa 5 dB of spectral slope across 

the measured band whereas Fig. 23 has a slight null of depth 

less than 5 dB. 

There were some distant CSR RX locations providing 

very good signal levels yet still showing no significant 

reflections, for example Fig. 24. As also seen in previous 

tests, some locations did appear to suffer interference, 

occasionally presenting as tones. 

 

 
 a                  b 

Fig. 19.  71 MHz car mobile channel response (2.87 km). 

(a) PDP, (b) Frequency response 

 
 a                  b 

Fig. 20.  71 MHz car mobile PDP. 

(a) 4.05 km, (b) 4.5 km (limit of CSR sensitivity) 

 

 
 a                  b 

Fig. 21.  71 MHz car mobile channel response (418m). 

(a) PDP, with reflection at -25 dB (b) Frequency response 

 


















































































































































































