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Abstract 

The present study provides an experimental characterisation of a millimetre-wave (mm-

W) channel at a frequency of 28GHz for an outdoor environment with a non-line of sight

(NLOS) scenario. The channel sounder system (CSS) correlation was employed to record the

channel response, and the power delay profile (PDP) and path loss values were measured [1].

For vertically polarised antenna configurations, RMS delay spread across the band was

employed along with a highly directional horn receiver antenna as well as an omnidirectional

transmitter antenna. We considered a typical urban threshold of 10dB and an urban threshold

of 20dB for areas operating at 28GHz frequency. The measurements for 10dB and 20dB

urban threshold environments considered the values of path loss exponent (n) use models:

cost-231 (CI) and free space (FI) [2]. The path loss was compared and analysed with regard to

the 10dB and 20dB measured urban threshold data. As per the results pertaining to this

research, for 10 dB urban threshold areas, the path loss estimation had an observed impact as

distance increased. At the start of the measurements pertaining to the 10dB urban threshold

environment, the losses were found to be around 112dB post 110m distance from the

measurement survey. The measurement analysis anticipates normal signal quality near the

collector set for the specified removal from the transmitter and also the variation in the signal

quality with regard to the specific environment. The results based on this work are regarded as

beneficial for planning and installation of any base station in similar environments or

locations. These outcomes provide rules for arranging cells in remote communication
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frameworks since path loss is important for calculations within the plan pertaining to any 

radio communications framework system [3]. 

Keywords: 5G, Mm-wave, outdoor environment, 28GHz, tropical region, threshold. 

1. Introduction 

The introduction sets the stage for understanding the experimental characterisation of 

millimetre-wave (mm-W) channels at 28GHz in a non-line-of-sight (NLOS) scenario. With 

the recent surge in interest in mm-W systems, there is a growing need to address the 

challenges posed by unfavourable wireless propagation in these settings. This includes 

innovative approaches to physical layer system design to mitigate impairments. Notably, 

beamforming with a large number of antennas is crucial for meeting the link margin of mm-

W systems. Additionally, there is a strong focus on comprehending radio frequency (RF) 

design challenges for large bandwidth systems, as well as measurements and channel 

modelling at different carrier frequencies of interest [1]. 

Furthermore, this work describes the experimental setup for 5G operation at 28GHz and 

60GHz in an urban environment, including outdoor and indoor details. The study also 

highlights the use of omnidirectional and highly directional antennas for transmission and 

reception, as well as the consideration of different beamwidth values for potential coverage 

areas. This scenario allows for the study of urban microcells (UMI), indoor WLAN-based 

femtocells, and proposed intelligent transportation system use cases, such as inter-car, intra-

car, and infrastructure-to-infrastructure communications [2].  

2. Background and Significance 

Recent attention to mm-W systems has sparked a growing interest in understanding the 

channel characteristics and implications for physical layer design [1]. The unfavourable 

wireless propagation in mm-W settings necessitates innovative approaches, with 

beamforming and a large number of antennas playing a key role in meeting the link margin of 

mm-W systems. Studies have shown that losses at mm-W frequencies are typically higher 

than with sub-6GHz systems in both indoor and outdoor settings, with significant increases in 

delay spreads observed in outdoor scenarios. Additionally, the impact of reflection response 

and penetration through walls of residential buildings has been studied, revealing a significant 

loss of coverage at mm-W frequencies corresponding to deep frequency notches. 

In a related study, measurements were performed using omnidirectional and highly 

directional antennas to analyse the 5G operation at 28GHz and 60GHz in urban environments, 

including full building and outdoor details [2]. The scenario was designed to study urban 

microcells (UMI) and indoor WLAN-based femtocells and proposed intelligent transportation 

systems use cases, demonstrating the potential for adequate communication capabilities 

within urban canyons. 
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3. Materials and Methods 

Measurement Equipment 

The wideband channel sounder system (CSS) was employed for measurement. Figure 1 

demonstrates the measurement equipment. An E8267D up-converter, an M8190A arbitrary 

waveform generator, and an FS725 rubidium clock are included in CSS Tx. 

The wideband differential in-phase quadrature (IQ) is produced by M8190A, i.e., arbitrary 

waveform channel sounding (AWCS) signals, which gave 1ns multipath resolution based on a 

1000Mcps pseudo-random binary sequence (PRBS). The IQ is up-converted by E8267D into 

RF (up to 40GHz), wherein the output adjustment is performed using the automatic line 

controller circuit of the E8267D. FS725 synchronised the Rx and Tx by considering a 10MHz 

reference (<3e-11 stability; <le-11 accuracy) [4]. The signals have been derived based on 

FS725 or 33500B function generation. The AWCS chip rate was found to be 1000Mcps, 

which produced a 1GHz AWCS signal. To emulate the hotspot location, Tx antennas were 

positioned at a height of 1.7m, and Rx was positioned at a height of 1.5m. 

The RF (up to 40GHz) was down-converted by M9362AD01 Rx to an intermediate 

frequency, which was amplified by M9352A and captured by a 12-bit M9703A digitiser 

having a 1GHz bandwidth. The local oscillator pertaining to M9362A-D01 signified EXG 

N5173B analogue signal, while M9300A presented a frequency reference mode, along with 

external 10MHz and 100MHz references. Rx FS725 provided a 10MHz reference, and the 

signal was loaded via a 33500B. This research work employed horn and omnidirectional 

antennas. 

 
Figure 1. The 5G CSS 
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Measurement Campaign 

Outdoor NLOS scenario. 

Measurement Set Up 

Measurements were taken at the UTM-KL grounds in an outdoor roadside setting next to 

the PA building (Figure 2). A 15dB power amplifier operating at 28 GHz was used to amplify 

the 25dBm signal. An 11.6-horn antenna was used to transmit the signal. The backroad near 

the PA block was used as a Tx antenna location, and a 1.7m tripod was used to mount the 

antenna. A low noise amplifier omnidirectional antenna with 24.5dBi gain was mounted at 

1.7m for the receiver. Tx antenna position was static. On the other hand, the Rx antenna was 

tested using 10 points that faced obstruction from the PA building corner with respect to the 

Tx antenna. Rx measurements with distance are specified in the table, which also specifies 

NLOS characteristics for -20 and -10dB thresholds. All Tx-Rx points were tested using 

several azimuth angles to optimise incident power [5]. 

 

 

Figure 2. The measurement environment for the NLOS scenario 

 

Table 1. The NLOS parameters at -20dB and -10dB thresholds 

Freq. 

(GHz) 

Distance 

(m) 

High of 

Tx 

Antenna 

(m) 

High of 

Rx 

Antenna 

(m) 

Pol. Pt Pr CI Model  

1m,3m,5m 

-20dB 

Threshold 

FI Model 

-20dB Threshold 

PLE 

(n) 

σ 

(dB) 

α 

(dB) 

β σ 

(dB) 

28 20 1.5 1.5 V-V   2.4 3.0 58.6 2.6 3.0 

28 30 1.5 1.5 V-V   1.9 3.2 58.4 2.5 1.4 

28 40 1.5 1.5 V-V   1.6 3.3 58.6 2.6 3.0 

28 50 1.5 1.5 V-V   2.3 1.4 58.4 2.5 1.4 
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4. Results and Discussions 

Figure 3 depicts path loss characteristics between 90 and 112dB for 10 distinct receivers 

mounted within 20 to 110m of the transmitter when tested at a 20dB limit. Visual assessment 

at the specified points (receiver points in blue colour and transmitter points in yellow colour) 

indicated that more distance was associated with a higher path loss. Two popular approaches 

(cost-231 (CI) and free space (FI) models) were used to fit experimental data. The CI path 

loss approach used three particular scenarios (d0=1, 3, and 5m). Path loss exponent (n) 

measurements for 1, 3, and 5m distance were ascertained as 2.4, 1.9, and 1.6, respectively. 

The optimal measurement fit for the CI approach concerning the 1m reference separation is 

depicted in Figure 3 using a red dash-dot notation. The FI approach for path loss 

measurement had a 2.6 slope value (β denotes the n) for an intercept α=58.6 dB, which is 

lower than the 2.7dB theoretical reference for 1m and 28GHz. The CI and FI model 

agreement is optimised for a 1m distance. The alignment is clear for the FI and CI model 

parameters. The 1m CI model n is 0.2 units less than the FI model slope value. Both 

approaches have identical standard deviations (σ=3 dB) [5]. 

28 60 1.5 1.5 V-V   1.8 1.5 58.4 2.5 1.4 

28 70 1.5 1.5 V-V   1.6 1.7 58.4 2.5 1.4 

Freq. 

(GHz) 

Distance 

(m) 

High of 

Tx 

Antenna 

(m) 

High of 

Rx 

Antenna 

(m) 

Pol. Pt Pr CI Model  

1, 3, and 5m 

-10dB 

Threshold 

FI Model 

-10dB Threshold 

28 80 1.5 1.5 V-V   PLE 

(n) 

σ 

(dB) 

α 

(dB) 

β σ 

(dB) 

28 80 1.5 1.5 V-V   2.4 4.7 62.6 2.4 4.7 

28 90 1.5 1.5 V-V   1.9 4.8 62.6 2.4 4.7 

28 90 1.5 1.5 V-V   1.7 5.0 62.6 2.4 4.7 

28 100 1.5 1.5 V-V   2.5 1.4 60.6 2.5 1.4 

28 110 1.5 1.5 V-V   1.9 1.5 60.6 2.5 1.4 

28 110 1.5 1.5 V-V   1.7 1.6 60.6 2.5 1.4 
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Figure 3. The path loss in relation to the Tx-Rx separation distance using the 20dB threshold 

Figure 4 presents path loss changes between 90 and 119 dB for 10 receivers having 

between 20 and 110m transmitter distance, measured using the 10dB limit. Two popular 

approaches (CI and FI models) were used to fit experimental data. The CI path loss approach 

used three particular scenarios (d0=1, 3, and 5m). Path loss exponent (n) measurements for 1, 

3, and 5m distance were ascertained as 2.4, 1.9, and 1.7, respectively. Concerning the 20dB 

limit outcomes, the optimal measurement fit for the 10dB limit is the CI approach for 1m 

separation (n=2.4), as depicted in Figure 5 using the red dash-dot notation. The FI approach 

for path loss measurement had a 2.4 slope value (β denotes the n) for an intercept α=62.2dB, 

which is higher by 0.9dB than the theoretical reference for 1m and 28GHz. The 1m CI 

approach is aligned with the FI model for data fitment using identical parameters, i.e., n and σ 

of 2.4 and 4.7dB, respectively. Contrasting the outcomes of the -10 and -20dB limit path loss 

parameters, we present the average values for every limit and path loss approach in Figure 

4.3.  

The plot indicates path loss averages between 90 and 109dB for 20dB and 94.6 and 

112.5dB for 10dB limits. Figure 6 indicates that the 10dB model has a higher average path 

loss than the 20dB model for most points. The maximum difference between average values 

is 10dB despite the varying path loss averages. The 40m transmitter-receiver distance 

measurement for the 10dB limit is 102.3dB higher than the 92.4dB path loss by 9.9dB for the 

20dB limit. In the 20dB limit context, the CI approach considers average n measurements as 

2.3, 1.8, and 1.6 with corresponding σ=1.4, 1.5, and 1.7dB for 1, 3, and 5m distance. 

Considering the 10dB limit, the n change to 2.5, 1.9, and 1.7 with corresponding σ=1.4, 1.5, 

and 1.6dB for 1, 3, and 5m separation. The CI model path loss parameter for the 10dB limit 

and 1m distance exceeds the 20dB value by 0.2 (representing 2dB every decade).  

The two thresholds have identical slope values of 2.5 and σ=1.4 dB measured using the FI 

model. The intercepts differ by a maximum of 2.2dB (α=60.6dB and 58.4dB for -10 and -
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20dB limits, respectively). The 10dB limit has an FI intercept superior to the 20dB 

measurement based on the 28GHz free space path loss constant for 1m separation. Figures 4-6 

suggest that the CI approach for 1m reference separation (CI1m) and the FI approach 

optimally fit the NLOS outdoor scenario using -10 and 20dB limits at 28GHz. The 10dB limit 

might be employed in place of the suggested 20dB limit for identical 20dB observations. This 

NLOS assessment indicates that 10dB presents reduced time and complexity for determining 

channel characteristics without compromising path loss efficacy [6]. 

 

Figure 4. The path loss in relation to the Tx-Rx separation distance using the 10dB threshold 

 

Figure 5. A comparison of the path losses using the -10 and -20dB thresholds 

Figures 6 and 7 display the power delay profiles (PDP) for the 80 and 90m Tx-Rx 

separation distances as regards actual propagation time delay at the -10 and -20dB thresholds. 

For a PDP of 80m, Figure 6 indicates that at the -20dB threshold, the total of multipath 
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components (MPCs) is 20 and five dominant paths will appear at the 10dB threshold. The 

remaining 15 MPCs are lost once the -10dB threshold is applied. The five dominant paths 

show respective powers of -120.5, -119.8, -119.8, -120.6, and -110.8dB, corresponding to 

propagation time delays of 687, 707, 751, 752, and 753ns.  

It is worth mentioning that maximum power becomes available in the newest of these five 

dominant paths in this Rx location. Notably, even these 15 MPCs are lost at the 10dB 

threshold in the scenario for the 80m Rx location, resulting in an average path loss of 

109.1dB. This value is close to the path loss of 108.8dB observed at the 20dB threshold 

(Figure 5). This suggests that the non-dominant paths which appear at the 20dB threshold all 

contribute power at a low level to the total received. Another evident result is that the 

dominant-path maximum is not required for such arrival in early access, for this relies on Rx 

location and not Tx-Rx distance, as shown for 90m in the next figure. It implies that MPC 

propagation time delay is dependent on the available physical objects surrounding the Rx 

antenna. 

Figure 7 displays the PPD versus propagation time delay for the 90m Tx-Rx distance. 

Clearly, every dominant path in this Rx location exhibits early access. It follows that every 

dominant MPC has been received with a propagation delay lower than 683ns. For this 

location, the total number of MPCs is also 20 paths, which equals the total number of MPCs 

for 80m. Nevertheless, the total number of dominant paths is seven MPCs, with all received at 

the -20 and -10dB thresholds. Despite the fact that 13 MPCs are lost at the 10dB threshold, 

Figure 5 shows the average path loss in the 90m Rx location as 110.7dB. This is higher by 

only 3.9dB than the mean path loss of 106.8dB as recorded at the 20dB threshold. 

Remarkably, propagation time delay for 90m reaches a maximum of 800ns even though most 

MPCs arrived in early access at the Rx. The maximum propagation time delay for 80m is 

759ns, even though the majority of dominant paths are received in late access. 

. 

Figure 6. The PDP in terms of the propagation time delay using the -10 and -20dB thresholds 

at a Tx-Rx separation distance of 80m 
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Figure 7. The PDP in terms of the propagation time delay using the -10 and -20dB thresholds 

at a Tx-Rx separation distance of 90m 

 

 

Figure 8. The RMS delay using the 20dB threshold along the Tx-Rx separation distance 
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Figure 9. The RMS delay using the 10dB threshold along the Tx-Rx separation distance 

 

Figure 10. The average RMS delay using the 10dB threshold along the Tx-Rx separation 

distance 

 

Figure 11. The CDF of the average RMS delay using the -10 and -20dB thresholds 

4.1.   Results 
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The present study analysed path loss and delay in an outdoor NLOS scenario at 28GHz. 

The key findings were: 

Model and Method 

• Path Loss Models: The CI and FI path loss models were used to fit the measured 

data. Different reference distances (d0=1, 3, and 5m) were used for the CI model. 

• Threshold Selection: The study compares the results using -10 and -20dB thresholds 

for identifying MPCs in the PDP. 

Scenario 

• Outdoor NLOS Environment: The measurements were conducted in a roadside 

environment within the UTM-KL campus, utilising a 1.7m tripod for both the transmitter and 

receiver antennas. 

• Frequency: 28GHz 

Technical Results 

• Path Loss: The CI model with a 1m reference distance showed the best fit for the 

data, with an n of around 2.4 for both -10 and -20dB thresholds. 

• Delay Spread: The RMS delay spread increases with increasing Tx-Rx separation 

distance, reaching up to 90ns at -20dB threshold and 45ns at -10dB threshold. 

• Threshold Comparison: While the -20dB threshold provides a larger number of 

MPCs, the -10dB threshold offers a good compromise in terms of path loss performance and 

complexity. 

• Dominant Paths: MPCs (paths with the highest power) are received earlier than the 

weaker ones, even when a significant number of MPCs are lost due to thresholding. 

4.2. Discussion 

The present study demonstrated that: 

• Accurate Path Loss Estimation: The CI model with a 1m reference distance 

provides a good fit for the path loss in the outdoor NLOS environment at 28GHz. 

• Threshold Impact: Thresholding significantly impacts the number of MPCs detected, 

but the average path loss and delay spread characteristics can still be reasonably well 

estimated even with a lower threshold. 

• Dominant Path Significance: Dominant paths are crucial for signal reception, and 

their arrival time significantly influences the overall channel performance. 

• Future Applications: These findings provide valuable insights for designing future 

wireless communication systems operating in NLOS environments at mm-W frequencies. 

Overall, the present study provides a comprehensive analysis of path loss and delay spread 
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in an outdoor NLOS scenario at 28GHz, contributing valuable data for future research and 

system design in this frequency band. 

The choice between the -10 and -20dB thresholds depends on the context and the specific 

application under consideration. The selected threshold level determines when a signal will be 

considered significant enough to trigger an action or response in various audio, signal 

processing, or measurement scenarios. A breakdown of both options is provided below: 

• -10dB Threshold: A threshold of -10dB is higher than -20dB counterpart, meaning 

it's a less sensitive threshold. This means that a signal would need to be stronger or louder to 

cross the -10dB threshold and trigger a response. Choosing a -10dB threshold could be 

appropriate when it is desirable to filter out smaller or less significant variations in a signal, 

allowing only relatively stronger events to trigger a response. This is often used in noise 

reduction or dynamic range compression situations where low-level background noise must 

be ignored. 

• -20dB Threshold: A threshold of -20dB is lower than -10dB, making it a more 

sensitive threshold. In this case, even weaker or quieter signals would be able to cross the 

threshold and trigger a response. This can be useful when it is desirable to capture a wider 

range of events, including those that might be quieter or less pronounced. It is often used in 

applications where the situation requires more inclusion of lower-level signals, such as in 

some types of audio processing where subtle details or effects need to be captured. 

Ultimately, the best threshold depends on the specific goals and requirements. If the aim is 

to strike a balance between sensitivity and filtering noise, a threshold (like -15dB) may be 

considered. It is important to consider the characteristics of the signals being worked with, the 

level of noise in the system, and the desired outcome to make an informed decision about the 

appropriate threshold [7]. 

5. Conclusion 

This study introduced the NLOS n propagation features of the 5G channel at specific 

28GHz frequency bands. Dual schemes have been proposed to examine the losses that result 

from threshold as well as high-frequency band operation. Wideband measurements were 

carried out at 28GHz with the use of a 5G CSS featuring a high chip processing rate of 

1000Mbps. Various 5G channel parameters for the excess delay, path loss, and PDP were 

determined. Signal loss at the 10dB and 20dB thresholds and high frequency was studied. 

Path loss exponent (n) values in the NLOS scenario at the 10dB threshold for CI and FI n, and 

also at the 20dB threshold for CI and FI, shown, with differences corresponding to 1.6 and 1.3 

at 3.5 and 28GHz, respectively. Nevertheless, received power dropped in the NLOS scenario 

[8] with PLE values corresponding to 2.7 and 3.6 at 3.5GHz and 28GHz, respectively. The 

3GPP models, namely FI and ABG, delivered reliable performance despite path loss for 

multi-frequency and single models in the LOS scenario. According to the proposed models, 

mean diffraction loss values correspond to 11.11 and 23.37dB at 3.5GHz and 28GHz, 

respectively. The loss resulting in terms of frequency drop was 19.73dB in the LOS scenario 
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and 32.00dB in the NLOS scenario. RMS delay values were correspondingly lower than 8 

and 12ns in the LOS and NLOS scenarios, respectively, for both frequency bands. These 

results imply that the 5G channel offers good performance potential in terms of path loss and 

the advantage of exceptionally low delay spread. The results of this study will be useful for 

testing and implementation in real environments and should provide insight into next-

generation IoT-driven smart city 5G networks. The findings also suggest that 5G wireless 

networks of the future can support higher data rates with lower latencies, using highly 

directive antennae that deliver high gain power through small-size cells [9-22]. 
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