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1. Introduction

This paper provides recent channel sounding results carried out by the University of Bristol with the assistance of Keysight Technologies as part of the European H2020 mmMAGIC project [1] work package 2 channel measurements and modelling.
The 60 GHz measurement system is shown in Figure 1. It provides realtime vector channel analysis with instantaneous 2 GHz channel bandwidth. Also, this system can be readily adapted for different frequency bands, for example E-band.
Waveform generation and up-conversion comprises:
Keysight M8190A Arbitrary Waveform Generator & M9009T Waveform Creator Software
Either Keysight E8277D Vector Signal Generator (44 GHz), Sivers IMA transceivers or Silicon Image 6310 devices
Down-convertor and waveform analysis comprises:
Keysight PXIe Quad Downconverter (50 GHz), Sivers IMA transceivers or Silicon Image 6310
Keysight MS0S804A Mixed Signal Oscilloscope and 89601B Vector Signal Analysis Software
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Figure 1. 60 GHz channel sounding system with 2 GHz realtime channel bandwidth
The channel sounding function works by repeatedly transmitting a single carrier signal bearing a modulated waveform. The waveform has excellent auto-correlation properties, and a low peak-to-average power ratio. The bandwidth and duration of the modulating waveform may be varied to suit the channel measurement required. Spectrum shaping can be applied to reduce out of band interference when transmitting the signal in a live environment.
The configuration of the analysis software is set to match that of the transmitted waveform. The measurement receiver hardware needs to capture at least one complete interval of the transmitted waveform, but does not need to be triggered. The measurement is tolerant of small frequency offsets between the transmitter and receiver, meaning the system does not require shared, or unduly high accuracy frequency references. A proprietary correlation function is applied to the captured data samples using the expected waveform, which results in the recovery of the channel’s complex impulse response (and frequency response). This complex channel impulse response (CIR) allows analysis of the phase relationship between paths in the channel. The recovery of the channel coefficients as vector quantities allows averaging to increase the signal-to-noise ratio (SNR) of the result.

In the corner diffraction measurements described below, both the transmitter and receiver employed 20 dBi standard gain horn antennas from Flann Microwave. The horns were positioned such that all measurements were taken using horizontal polarization. For the surface scattering measurements the transmitted signal use was again made of the vertically polarized horn and the receiver employed a 25 dBi conical horn with an orthomode transducer thus enabling simultaneous measurements for both horizontal and vertical polarizations. The angular direction of the horns remained constant throughout the experiments.
The channel sounder was configured for external trigger, which was sourced from a shaft encoder on a wheel of the measurement trolley. This creates a trigger every 4 mm, with the equipment capable of recording at a sample rate above waking space.
2. Corner diffraction
Corner diffraction has been investigated for an atrium environment in a modern building as shown in Figure 2. Further details can be found in [2].
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Figure 2. Atrium for corner diffraction measurements
Merchant Venturers’ Building, University of Bristol
Corner diffraction was measured for five parallel tracks from the point of interest, at distances of 0.5 m, 1 m, 1.5 m, 2 m and 10 m. Measurements were made every 4 mm along the five linear tracks. Calibrated wideband measurements were then compared with Knife Edge Diffraction (KED) theory [3, 4] both at 60 GHz and at 3.5 GHz. The rate at which the power falls as the receiver moves into the diffraction shadow region is of particular interest since this can impact the performance of the MAC and higher layer network protocols in wireless systems. The physics of diffraction are further elaborated in [2].

The first four tracks started at a distance of 2 m from the level of the corner and the 10 m run started at a distance of 1m from the level of the corner due to fixed obstacles.  For all cases, a complex CIR was sampled every 4 mm. In the following results, the impact of the transmit and receive antenna spatial radiation pattern was de-embedded from the measured channel data. Since the antennas’ orientation remained stationary during the measurements, this was achieved by normalizing the measured power to an antenna pattern gain that was measured in our anechoic chamber.
Figure 3 shows each of the five measurement runs (distance from the wall) on the same graph as a function of wideband received power relative to 1 m versus distance. The wideband received power in all cases was normalised relative to that observed at a 1 m separation distance. The key observation is the dramatic drop in received power at the point of corner diffraction (the shadow boundary). There are five distances from the wall and this varied the position along the route where the shadow boundary occurred. Note: due to an obstacle the 
10 m run had to start 1 m further back. It can be observed that a wall obstructing the start of the 10 m run also shows a diffraction effect. Based on calculations, the LoS path was expected to appear at 1.18 m, which can be seen in Figure 3.
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Figure 3. Received power vs Distance for all runs

Another key observation is that increasing the distance from the wall also increases the distance over which the power drops by 30 dB. For the 2 m run it can be seen it takes 0.5 m for a drop of 30 dB, whereas for the 10 m run a distance of 1.2 m is required. Furthermore, an increase in the signal power can be noticed between approximately 5m to 6 m along the track (for the measurements at a distance of 0.5 m to 2m from the corner). This is due to a double reflection from the metal lift door and a wall directly opposite as shown in Figure 4. This demonstrates an alternative path that can be investigated in more detail.
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Figure 4. Measurement setup showing lift door.

Using KED theory [3, 4], a comparison was performed with the measured results from the 2 m run. The results are shown in Figure 5. This shows a very good fit between the measured results and the KED theory. A comparison with a sub-6 GHz carrier (3.5 GHz) using KED theory is also shown in Figure 5. An attenuation of 30dB is seen 30cm into the shadow region at 60 GHz, but this extends to 2.5m at 3.5 GHz.
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Figure 5. Corner Diffraction 2m: Modelled vs Measured.
The received power at the diffraction region around the corner point can be seen in more detail in 6, where a comparison between the modelled and measured results is presented. This shows an extremely good fit and highlights constructive and destructive interference of the signal paths in the region just before the transition between LoS and Non-LoS.
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Figure 6. 2 m KED vs. measured: highlighting constructive and destructive interference.

Figure 7 shows the calculated KED result compared to the 10 m measurement run. Again, a good fit is observed between the measured results and the KED prediction. Figure 7 also presents the predicted received power at 3.5 GHz, highlighting again the smoother transition between LoS and Non-LoS at low frequencies in comparison to mmWave frequencies.
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Figure 7. 10 m Run - Measured results compared with KED for 60 GHz and 3.5 GHz.

Figure 8 shows in-channel analysis of the corner diffraction at a line of sight point far from the corner on the left and then at the transition to NLos on the right.
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Figure 8. In-channel analysis of corner diffraction
What figure 8 shows is that for the LoS case the impulse response is very clean showing no significant reflections. Then as the corner approaches, constructive and destructive interference starts to emerge causing a ripple in the received power as per the theory until the transition point is reached and the signal level falls rapidly. At this time the impulse response shows a much more complex signal is being received due to the predominance of reflected power.

In addition to the corner diffraction measurements, analysis was performed in the same atrium area of the spatial properties of the received signal measured at nine different position along a track 1 m from the wall as shown in Figure 9.
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Figure 9. Setup in atrium for spatial rotation measurements
The results are shown in Figure 10.
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Figure 10. Los and NLos measurements 1 m from wall
As expected, the LoS results show a highly directional response towards the static transmitter at a level around 20 dB higher than NLoS while the NLoS results, although less directional, still show a 10 dB to 
15 dB attenuation towards the wall.
3. Surface scattering

The built environment comprises many different surface types as shown in Figure 11. These examples are all present in and around the merchant Venturers’ Building in Bristol.
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Figure 11. Indoor (I) and outdoor (O) surface materials in the vicinity of the Merchant Venturers’ Building University of Bristol
The setup for measuring surface scattering is shown in Figure 12.
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Figure 12. Measurement setup for analysis of diffuse scattering
Measurements of various wall types were carried out using the following conditions:

· 60 GHz centre frequency with 2 GHz bandwidth.
· Tx and Rx mounted on a trolley and moved in parallel to the wall keeping distance from wall fixed. Channel snapshots recorded every 4 mm.
· Each measurement was repeated ten times and observations were similar.
· Angles were varied between 15°,22.5°,45°,60°
Preliminary K-factor analysis for two wall types are shown in Figure 13.
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Figure 13. Preliminary K-factor analysis for two types of stone wall
These preliminary results show that the K-factor varies as a function of angle with higher K factor for signals closer to the perpendicular angle with the wall.
Of perhaps more interest is an analysis of a mixed wall construction containing a window opening as shown in Figure 14.
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Figure 14. Measured surface scatter from a mixed composition surface
The measurement setup for the analysis of this case is shown in Figure 15. This setup might represent a user walking close to a wall with the UE on the right of travel, blocked by body shadowing from line of sight to the transmitter on the left.
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Figure 15. Measurement setup for mixed composition wall measurements
It is very clear from Figure 14 that the reflected energy from the vertical surfaces varies widely depending on the material. For the rough stone wall the received level is around -35 dB and the variation is very high looking like Rician fading. On transition to the smooth stone wall the signal level rises significantly to around -21 dB with very little fading evident. On the transition between the stone and glass there is a strong dropout of around 15 dB followed by another unfaded section representing the smooth glass surface with a received level around -16 dB.

The rate of change of signal level with distance travelled and the loss of energy show this to be a challenging situation. However, such simple amplitude only analysis hides the true complexity of what is going on. The measurement system is also capable of providing in-channel analysis of the received signal which provides further insight than can be seen just in the power domain. Figure 16 shows in-channel analysis of the received signal for the rough wall then the optimum glass reflection.
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Figure 16. In-channel measurement of rough wall vs. glass
The bottom left of each display shows the power vs time graph as per Figure 14. The top left shows in yellow the 2 GHz wide channel amplitude response by frequency with vertically polarized received signal from the vertically polarized transmit signal and in blue is the horizontal received component from the reflected vertically polarized transmit signal. On the bottom right is the time domain response of the vertical and horizontal components and the top right shows the time domain response plotted on an IQ chart to show phase response of the reflections. The first thing to note is for this part of the rough wall the horizontal component is almost as strong as the vertical indicating a complex reflection at the wall surface. However, for the smooth glass the horizontal component is around 25 dB lower than the dominant vertical reflection from the vertically polarized transmitter. The time domain for the rough wall also shows a much more complex signal.
At the transition to the glass to the wooden frame another phenomenon can be seen in Figure 17.
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Figure 17. Transition from glass to wood showing presence of strong multi-path
At this point the channel flatness of the vertically polarized signal is very bad, showing a 20 dB null mid channel. The rate of change of this flatness problem is very high since just a couple of samples later (a few mm of travel) the channel frequency response is completely different which will create a major challenge for channel equalization. The cause is the strong reflection at 6.5 ns seen I the lower right of each trace. The shallower ripple seen in the channel response is caused by the much closer multi-path component at around 1 ns.
The detection of multi-path components in a scenario like this is highly dependent on the aperture of the antennas. In this case the antennas were open wave guides with a 3 dB loss at +/- 6 degrees. If the antennas had been narrower (particularly relevant for the eNB), the multipath components may not have been seen and the received energy would have dropped. Alternately, with a wider aperture, more multipath components would have been detected increasing the received power but at the expense of further degrading the channel frequency response.

This simple example highlights the close link between channel sounding measurements and the antennas used to capture them and the consequences on the accuracy of any channel models subsequently derived.
4. Conclusions
This paper has presented results from an isolated corner diffraction measurement and surface scattering in indoor and outdoor environments of a modern building. A wideband (2 GHz) channel sounder was used at a carrier frequency of 60 GHz. 
The effect of corner diffraction was measured for five different distances away from the point of interest, with parallel tracks at distances of 0.5m, 1m, 1.5m, 2m and 10m. The data captured from the five measurement runs was seen to align well with KED theory when the spatial characteristics of the directional antennas were de-embedded from the measurement data. The measured results showed that for a parallel track at a distance of 2 m from the corner the power fell by 30 dB once the user had moved just 0.5 m into the shadow region compared to KED theory at 3.5 GHz which required 2.5m travel into the shadow region for the same 30 dB loss. For a parallel track at a distance of 10m from the corner of interest, the 60 GHz measurements showed that the same effect was observed after moving 1.2m into the NLoS region. 

The measurement of surface scattering showed large variations in reflected power when moving across a window embedded in a rough stone wall. This scenario represents a user walking past the window when blocked by body shadowing to a transmitter on the other side. The rough wall was seen to create a highly variable reflection around 20 dB lower than the smooth stone and glass surfaces. Further analysis of the in-channel response showed at the transitions between surfaces multi-path reflections caused major fast changing variations in the channel frequency response which would be very hard for an equalizer to mitigate. This observation also highlights the dependence of channel sounding on the antenna apertures of both the transmitter and receiver which wil impact any derived channel models.

In conclusion, this work at the University of Bristol has observed very large signal strength variations in first order scattered components at the user moves very short distances (order of centimeters).  This is thought to be a function of heterogonous structures (walls, windows etc.) and small-scale fading from diffuse rough surface scatter. These small-scale variations will have a significant effect on system-level performance (e.g. on beam-forming and beam-tracking algorithms, on link-adaptation algorithms and on the performance and efficiency of the MAC and Network layer TCP protocols). In addition, the existence of multi-path from near co-incident signals wil create fast moving variations in the channel frequency response that wil be difficult to mitigate with equalizers.

For these reasons an “add-on module” needs to be developed to extend the current stochastic channel models to support spatial consistency in expected use cases. This will allow the model to accuracy represent received signal strength and multi-path variations along a route of consecutive points. The model should address the transition from LoS to NLoS (i.e. the role of corner diffraction) as well as the effects of diffuse scattering from rough and smooth building and terrain surfaces. 

More measurement data is required to determine the isolated diffuse scatter process for a single interaction at mmWave frequencies, and then to determine the model for the process.  
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