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Introduction 
Millimeter-Wave (mmWave) networks are attractive because they have significantly higher 

capacity than sub-6 GHz networks. This is due to the availability of much larger channel 

bandwidth and the use of narrow transmission beams. In the best case, a line-of-sight (LOS) 

path may exist between two communication nodes. Furthermore, reflections, diffraction, or 

obstruction, may enable additional non-line-of-sight (NLOS) paths with sufficient signal 

strength to allow acceptable data rates. These NLOS paths present opportunities and 

challenges to the network planner. Stable NLOS paths can offer viable alternative links to the 

more obvious LOS path and allow for better link efficiency or higher redundancy at network 

scale. Conversely, these NLOS paths can create significant interference if they remain 

unconsidered, degrading overall network performance. 

However, the analysis of mmWave NLOS propagation is quite different from sub-6 GHz due 

to the shorter wavelength. Also, the paths are difficult to determine prior to deployment. In 

this paper, we discuss the types of NLOS link paths, and we consider the use of post-

deployment RF beam-sweeping as a method to identify both beneficial and detrimental 

mmWave paths. We present an example analysis tool and the results obtained from the 

analysis of several existing deployments of a 60GHz [V-Band] mesh network. The results and 

learnings can be extended to other bands in the mmWave spectrum such as 28GHz and 39GHz. 

This white paper has been composed by the engineering teams from Facebook and Deutsche 

Telecom with contributions from the mmWave Networks Project Group of Telecom Infra 

Project (TIP) under the Technical Validation track. More information on TIP can be found at [1] 

and on the mmWave Project Group at [2]. 
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Section 1: Motivation 
The mmWave bands are ideal for urban communications networks. A large amount of 

spectrum has been allocated for industrial, scientific, and medical usage. Recently, regulation 

authorities worldwide have been allowing (or are in the process of allowing) point-to-

multipoint fixed wireless access (P2MP) as a specific use case in these bands.  This permits high 

data capacity comparable to fixed networks services. Compared to lower bands, mmWave 

transmissions are less susceptible to interference as it is feasible to deploy high gain antennas 

that focus transmissions into narrow beams. This permits high spatial reuse of spectrum. In the 

case of the 60 GHz band, interference is further mitigated in the lower frequencies (57-66 GHz) 

by the reduced propagation distances caused by the atmospheric absorption of the radiation. 

1.1 Phased Array Antennas and Beam Steering at mmWave 
Spectrum 
A phased array antenna is an array of active antenna elements whose relative phase is varied 

such that the gain of the combination is maximized in a particular direction, thus enabling 

beam steering. With beam steering, dynamically switched mesh networks – where links are 

established between multiple nodes – become easily realizable. The degree of beam steering, 

beam-width, and the gain of the phased array is a function of antenna element and array 

design. The size of an antenna element is directly proportional to the wavelength of operation. 

Hence, at mmWave frequencies, the relative size of the antenna element is small compared to 

a sub-6 GHz antenna element. Owing to the relatively small dimension of each element at 

mmWave frequencies, a large number of antenna elements can be accommodated on the 

array, producing high gain. 

In an urban setting, mmWave nodes at city block intervals (100 - 200 meters) are at similar 

heights and can be considered to be on the same plane. The antenna array used in the analysis 

here is designed with horizontal steering to steer between links and narrow horizontal beam 

widths to avoid link overlap.  It has sufficiently wide vertical beam width to avoid the need for 

vertical steering.  

1.2 NLOS Signal Propagation Scenarios 
Urban environments contain many objects - buildings, roadways, vehicles, trees - that 

influence the propagation of radio frequency signals. There are several different causes of 

NLOS links, illustrated in Figure 1, below: 
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x Partial obstruction of a LOS path by an obstacle, most typically the foliage of a tree. 

x Diffraction around sharp edges, predominantly buildings. The amount of diffraction 

is dependent on the size of the object and the signal frequency. mmWave signals 

diffract less than signals at lower frequency. 

x Reflection from buildings, roadways and other less obvious obstacles - billboards, 

bus shelters. Note that reflectors may be artificially introduced to provide reflection 

paths. 

At sub-6 GHz frequencies, the NLOS propagation characteristics are relatively deterministic 

due to the large wavelength, and as wide beams are used, coverage is relatively straight 

forward to predict. Traditional microwave network planning, and the approach of the tools 

that support it, is to use both LOS and NLOS paths between communication nodes. 

By contrast, NLOS mmWave signal propagation is heavily influenced by object size, shape, and 

composition, and the propagation has been considered too complex for analysis to be 

practical over a large number of links for network planning purposes; only LOS paths have 

been utilized. The aim of this study is to determine through post-deployment analysis whether 

viable NLOS paths can be found that contribute to path diversity and therefore improved 

network robustness and performance, and recommend how the learnings from the analysis 

might be fed back into pre-deployment planning. It is also important to understand the role 

of NLOS path interference on the planned LOS paths. 

Figure 1: NLOS Signal Propagation Scenarios 
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1.3 Technology and Network Used for Analysis 
In this paper, we will be using 60 GHz mesh networks as our measurement tool of choice. The 

networks are all based on the common Terragraph architecture. Terragraph operates as a 

single frequency network (SFN) and uses a TDMA channel access scheme. The TDD channel 

access and related control protocols are being standardized as part of the IEEE 

802.11ay specification [4]. The single frequency operation (e.g., using one of the up to six 

802.11ad/ay channels within the 60 GHz unlicensed band) offers the advantage of running 

multiple networks (e.g. by different operators) without creating interference from one network 

into the other.  

For the case studies in the subsequent sections, analysis of a 60GHz mesh network deployed 

in a dense urban environment is the main focus. In addition, two rural / suburban deployed 

networks are also included for comparison purpose. In the dense urban deployment, there are 

about 75 sites in this network and roughly 250 links creating the mesh network. All the existing 

links are in LOS. As seen in Figure 2, all the nodes in this network are deployed at street level 

on street furniture such as light poles, traffic lights, and traffic signage. The nodes are equipped 

with antennas with 90 deg beam steering in the horizontal plane. There is no beam steering in 

the vertical plane. 

1.4 Summary 
In this white paper, the propagation of NLOS signals at mmWave frequencies and its effect on 

the performance of the network using a post-deployment network analysis tool is studied. In 

Section 2, the tool “Network Analyzer aNd Optimizer (NANO)” is introduced. Section 3 

discusses how NLOS paths can be a viable alternative to the LOS paths when the LOS path is 

obstructed or temporarily unavailable. Other reasons for using a NLOS link over a LOS link 

such as interference avoidance or topology optimization are also discussed. Section 4 studies 

the impact of interference from the NLOS paths on the overall health of the network. Lastly, 

Section 5 discusses how the learnings from NANO can be used to improve network planning 

Figure 2: Examples of nodes deployed at street level on street furniture [7] 



 

 

 

Copyright 2019 © Telecom Infra Project, Inc. 5 

at mmWave frequencies and proposes optimization techniques that can be introduced in 

commercial network planning tools. 

Section 2: Tool Description 
2.1 Introduction to Network Analyzer aNd Optimizer (NANO) 
As stated in the section above, mmWave propagation is challenging to predict. The Network 

Analysis aNd Optimizer (NANO) tool has been developed for mmWave mesh network 

deployments, with the key goal of iterative and exhaustive signal analysis in the post-

deployment phase. NANO is used for large-scale network monitoring and anomaly discovery 

during initial network bring-up and daily operation. The tool serves as a platform for 

deployment verification and performance validation/evaluation. The NANO tool is not 

currently available for license on a standalone basis, but the concepts and findings described 

in this paper can be applied generally to mmWave network planning and analysis tool design.  

2.2 Key Features 
The current functionalities of NANO are divided into 4 categories: 

x Performance prediction: NANO estimates link performance via iterative transmit 

power control simulation and interference predictive analysis. The prediction 

outcome includes MCS level, SINR, and transmission power for each link. 

x Performance evaluation + deployment network acceptance (post-

deployment): NANO is capable of network performance validation in a timely 

manner and gives network insights to engineers to quickly identify problems, such 

as: 

o Link health test/analysis: Gathers statistics of all links for network-wide overall 

analysis and characterizes the health of each wireless link based on a 

combined assessment of key KPIs. 

o Multi-hop end-to-end health test/analysis: Gathers end-to-end throughput, 

latency, and routing performance and characterizes the health of end-to-end 

performance from each node to the fiber PoP (Point of Presence) node. 

x Network monitoring – anomaly detection and root-cause analysis: During 

network operation, analyses in NANO facilitate fast anomaly detection, accurate 

root-cause identification, and re-configuration to optimize network performance.  

o Interference analysis:  In any deployment, interference is inevitable. 

Therefore, interference analysis is critical for engineers to understand the 
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impact of residual interference to the entire network, and NANO offers a 

systematic way to analyze and visualize the interference level in each link 

during network operation. This feature has been explored in Section 4 to 

understand interference from NLOS links. 

o Connectivity analysis: In a mesh network, if a single point of failure (SPOF) 

link experiences obstruction by seasonal foliage, an object, or is affected by 

interference, many other links that rely on this critical link will be 

affected, leading to a drop in network availability. Hence, it is desirable to 

enable alternate backup links based on connectivity analysis to introduce 

additional route diversity for increased network stability. This feature has been 

studied further in Section 3. In addition to the planned link connecting two 

nodes (or the “original link”), the connectivity analysis feature enables the 

discovery of new LOS and NLOS links which can be classified into the 

following three categories (see Figure 3, below): 

� New Route with Single Cluster (Macro Route): Potential new 

connectivity pairs (not in the original topology) that can be formed via 

only one cluster (there is only one combination of the TX node and RX 

node orientation at which this pair can be connected). The single 

cluster can come from either a NLOS or LOS link 

� New Route with Multiple Clusters (Macro Route): Potential new 

connectivity pairs (not in the original topology) that can be formed via 

multiple cluster choices including NLOS and LOS links. There exists 

more than one cluster in the 2D beam forming scan analysis between 

the TX node and RX node and there is more than one combination of 

the TX node and RX node orientation at which this pair can be 

connected. This means at least one or more of the cluster choices is 

via a NLOS path. 

� Original Route with Multiple Clusters (Micro Route): Original 

connectivity pairs (in the topology) that can be formed via multiple 

cluster choices including NLOS and LOS links. There is more than one 

combination of the TX node and RX node orientation at which this pair 

can be connected. Since, the original link is LOS, at least one or more 

of the new cluster choices is via a NLOS path. 
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x Data-driven network optimization 

o New Connectivity Recommendation: To introduce additional diversity for 

remote radios, NANO explores the connectivity analysis to recommend 

backup wireless links. The additional backup links can be used to either 

provide redundancy for existing links or replace the 

existing underperforming links.  

 

  

Figure 3: Types of links for connectivity analysis [7] 
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Section 3: Alternate Transmission Links 
3.1 Background on Application 
As explained in Section 1, propagation at mmWave frequencies is relatively more challenging 

due to higher free space path loss, material transmission loss, reflection loss, diffraction loss, 

etc. compared to sub-6 GHz frequencies. In addition, the attenuation losses at mmWave 

frequencies vary significantly for different material types (e.g. a glass window vs. a standard 

exterior wall). Most commercially available mmWave network planning tools can model line of 

sight (LOS) paths between transmitter and receiver to a reasonably accurate degree (with a 

deterministic mean and standard deviation). However, predicting the propagation 

characteristics for non-line-of-sight (NLOS) paths is challenging unless very high-resolution 

clutter and terrain data, and comprehensive material information of all objects in the 

environment is available. Such detailed data is not readily available. Hence, traditional network 

planning at mmWave is limited to line of sight (LOS) paths between the transmitter and 

receiver. 

However, this does not mean that NLOS paths between a transmitter and a receiver do not 

exist at mmWave frequencies. In this section, different types of alternate NLOS paths are 

studied. Also, using the post-deployment network analysis/optimization NANO tool, described 

in Section 2, real world examples from a live 60GHz mesh network in a dense-urban 

morphology for the different types of NLOS routes are investigated. The path loss, interference 

to noise ratio (INR), etc. for the alternate transmission links are studied and compared against 

the LOS paths to determine the feasibility of using these alternate links for transmission. There 

are three key reasons why using the alternate NLOS link over the LOS link may be necessary: 

x Obstruction in the LOS path: All links are susceptible to temporary obstructions 

such as passing semi-trailer trucks (for nodes deployed on lamp posts), seasonal 

foliage, temporary billboards or banners and permanent obstructions such as new 

buildings or street assets in the LOS path. In this scenario, having a NLOS link as 

backup will enable zero down time of the link without any manual intervention to 

reconfigure the node or physically orient the node in a different direction. 

x Interference in LOS path: LOS path may cause high interference to a neighboring 

link. In the reverse scenario, the LOS path may experience high interference from a 

neighboring link. In either case, the capability to automatically reconfigure the link 

through an alternate path is valuable. If reconfiguration of the link through an 

alternate path is not effective, receiver interference nulling is another method to 

combat this issue. However, this method is outside the scope of this paper. 
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x Topology Optimization: Using NLOS links may lead to an overall optimized 

topology when heavily used links can be reconfigured to have a lower number of 

hops to the fiber point of presence (PoP), to increase the throughput of the link 

and reduce the latency. This is discussed in the last sub-section. 

3.2 Alternate Path NLOS Discovery 
In Section 1, three types of NLOS links have been introduced: Links via reflection, links via 

diffraction, and links through obstacles. In this sub-section, examples for each type of link are 

investigated using NANO in a dense-urban network deployment. NANO periodically evaluates 

the health of the new NLOS and LOS links. All the links studied in the section have been healthy 

(in terms of SINR and PER) over the months of data that was evaluated for this paper. This 

shows that most NLOS links are not temporary and can be viable alternate paths to connect 

two nodes. 

For the dense urban network studied here using NANO, new links (LOS or NLOS) with SNR at 

least 12dB or higher have been counted (12dB SNR corresponds to ~1Gbps). Based on this 

threshold, it can be deduced that at least 15% of the existing links (all existing links are LOS) 

can be connected via a NLOS path by steering the two nodes at a different azimuth. This falls 

under the Original Route with Multiple Clusters category as explained in Section 2. All the 

examples below fall under this category as they can be positively identified to be NLOS paths 

with the 12dB SINR threshold. Similarly, there are ~1.5x new links (relative to the number of 

original routes) that can be classified in the New Route with Single Cluster category. These 

links may be LOS or NLOS. These new paths can be iteratively used for topology optimization. 

Lastly, there are 10% new links (relative to the number of original routes) that can be classified 

can be classified in the New Route with Multiple Clusters category. These links have a LOS and 

a NLOS path. These new paths can be iteratively used for topology optimization. If the 12dB 

SINR threshold was reduced to 1dB SINR, corresponding to at least 100Mbps, the number of 

new links discovered would be significantly higher (2x-2.5x). These statistics apply to the 

particular network analyzed for this paper. The absolute numbers could vary for each 

morphology. 

3.3 NLOS Links via Reflections 
NLOS links via reflections can be further categorized into reflections on buildings and 

reflections on other natural/man-made objects. In the dense-urban network analyzed, NLOS 

links via reflections were the most common type of NLOS links. 20+ examples of this category 

were analyzed and 4 of the examples have been studied in detail below. Firstly, the analysis 

below exhibits how reflected links can be leveraged as alternate routes to the LOS link. 

Secondly, the concept of using reflected paths does not have to be restricted to topologies 
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where such reflectors are already available in the environment. Artificial reflectors, strategically 

placed, can enable a direct path between two nodes that cannot be connected via a LOS path. 

3.4 Reflections on Buildings 
CASE STUDY 1:  

As seen in Figure 4, there is a direct LOS path between 12L212.1 and 12LA659.1 with a SNR of 

24dB, which is a planned link in the original mesh network. There is also a NLOS path 

connecting the two nodes via a reflection from a glass exterior building. Node 12L212.1 steers 

the main lobe ~13 deg from the LOS path and 12LA659.1 steers the main lobe ~17 deg so as 

to complete the NLOS path. The new path is only 3-4dB lower than the LOS path. The type of 

link is Original Route with Multiple Clusters, as categorized for NANO in Section 2. 

Figure 4: Aerial view of LOS link vs NLOS link for Case Study 1 [6] 
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CASE STUDY 2:  

The case study seen in Figure 5 is similar to the first case study. The two nodes steer their main 

beams ~19 deg (11L1200.2) and ~25 deg (11M919.1) off the LOS path to form the NLOS link 

via reflection, with SNR 1-2dB lower than the original LOS link. The reflection is caused by a 

glass exterior building. The LOS link connecting the two nodes is a planned link in the original 

mesh network. The new NLOS link is of the type Original Route with Multiple Clusters. 

Figure 5: Aerial view of LOS link vs NLOS Link for Case Study 2 [6] 
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3.5 Reflections on Natural/Man Made Objects in Urban 
Environments 
CASE STUDY 3:  

The case study explained in Figure 6 is similar to the case studies shown above. The nodes 

deviate ~31 deg (12L305.s2) and ~10 deg (12L418.s2) to form the NLOS path. The new NLOS 

link is of the type Original Route with Multiple Clusters. However, in this case the reflected 

path is not caused by a glass exterior building. The reflected path is due to a large billboard, 

as seen in Figure 7, hence showing that reflected paths can occur through varied media other 

than glass exterior buildings. The next case study depicts another such example. 

Figure 6: Aerial view of LOS link vs NLOS link for Case Study 3 [6] 

Figure 7: Street view for Case Study 3 [5] 
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CASE STUDY 4:  

The NLOS link in this case study is completed via a path reflecting off a concrete pillar under 

a large highway. Figure 8 shows the aerial view of the LOS and NLOS paths. Figure 9 highlights 

the locations of the two nodes and the probable medium causing the reflected path. As there 

is no other street furniture in the vicinity of the reflected path, the concrete is the most likely 

reason for the reflected path. The new NLOS link is of the type Original Route with Multiple 

Clusters. The NLOS link is 5-7dB below the LOS link. 

  

Figure 8: Aerial view of LOS link vs NLOS link for Case Study 4 [6] 

Figure 9: Street view for Case Study 4 [5] 
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3.6 Links via Diffraction 
It is possible to connect two nodes through a NLOS link via diffraction. The source of diffraction 

may guide the stability of the link over time. For example, if the diffraction occurs from a rain- 

or snow-covered roof, the diffraction attributes will vary widely from season to season. In 

general, it is challenging to connect two nodes via a diffracted NLOS path in comparison to 

links via reflection. No examples of this type of NLOS link could be found in the deployment 

studied in this paper.  

3.7 Links through Obstacles 
It is possible to connect two nodes with an NLOS link through obstacles. The most common 

type of obstacle is foliage. In the analyzed network, multiple instances of new links of the type 

New Routes with Single Cluster have been studied. All links have an SNR greater than 12dB. 

The various examples have been shown in Figure 10, thus highlighting that mmWave signals 

can propagate through certain types of foliage. However, it must be noted that many of the 

new links seen in the network were unidirectional. The links highlighted with blue arrows travel 

through trees with light to medium foliage and achieve good SNR (>12dB) 

3.8 Topology Optimization with New Routes 
The original mesh network is planned from the LOS links estimated by the network planning 

tool. However, based on the post-deployment analysis with NANO and the understanding of 

data routing through the mesh network, the topology of the network can be optimized for 

better system performance. With NANO, topology optimization can be used to reduce 

interference, to reduce the number of hops for critical links, to reduce points of failure, and to 

lower latency. The new topology can leverage the NLOS paths discovered. Another key topic 

to be explored further is link-importance based link addition for mesh densification. Link-

importance of a link represents the approximate load in each link. The expected outcome of 

the optimization is the summation of the link-importance minimization. By adding new links 

Figure 6: Examples for Links through Foliage [7] 
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to add backup links for critical connections, it also helps to reduce network-wide end-to-end 

latency and improve total network availability. 

Given the iterative nature of the problem, the scope for manual topology optimization is 

limited. Algorithms can automate this process such that this optimization can be achieved  

during pre-deployment phase (similar to the role of automatic cell planning tools for cellular 

networks). Automated topology optimization for mesh networks, with discovery of new 

alternate routes, can create a more robust and efficient network. 
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Section 4: Interference from Secondary 
Links 
 

The previous section introduced how NLOS links can be beneficially used in mmWave 

networks, e.g. by enabling additional links between nodes that would not be possible when 

relying on LOS communication alone. However, secondary links can also have a negative 

impact, as they can create interference. This is the topic of this section and will be introduced 

in more detail in the following. 

As described in the introduction, the current mesh networks for 60 GHz rely on a TDD TDMA 

channel access protocol and are operated as a single frequency network (SFN). Within an SFN, 

the network nodes operate according to a time division duplex (TDD) scheme. For this 

purpose, all nodes are configured such that there is a fixed assignment on which node is 

transmitting when throughout the entire network. Figure 11 shows two poles equipped with 

four distribution nodes (DNs) each.  

A DN is equipment installed by the operator for transfer data to and from the client nodes 

(CNs) at the customer location. According to the TDD SFN principle, all nodes at one pole are 

configured to simultaneously transmit. With respect to Figure 11, therefore all DNs at the blue 

pole simultaneously transmit. The other ends of the links (i.e. the DNs at the orange pole as 

well as the CN) must be configured to receive at that time. This behavior is described with the 

so-called polarity. The blue nodes in Figure 11 have an odd polarity while the orange ones 

have an even polarity. Therefore, orange nodes receive at the time when blue nodes transmit, 

and orange nodes transmit when blue nodes receive. By default, all nodes at a pole use the 

Figure 7: Typical scenario for interference due to a secondary link 
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same polarity, as this prevents interference caused by leakage from one DN into a second at 

the same pole. 

Figure 11 also shows how interference caused by secondary links can occur. A blue DN 

transmits towards the CN while simultaneously a DN at the same pole transmits to a DN at the 

orange pole. As long as there is LOS without any reflections, the very narrow beams used in 

mmWave networks prevent interference between the two transmissions. However, if a NLOS 

reflection propagates the signal into unwanted directions, interference might occur, as 

depicted for the CN in Figure 11. With respect to control information, this interference can be 

mitigated by means of different Golay codes at the nodes, which is however not possible for 

payload information.  

Interference due to a secondary link can cause the following effects: 

x In general, the signal-to-interference-plus-noise ratio (SINR) at the receiver 

decreases. This can be compensated by the link adaptation, in more detail by: 

x Increasing transmit power (if possible). 

x Reducing the modulation and coding schemes (MCS) such that the link can operate 

reliability also at a lower SINR. Reducing the MCS, however, impacts the data rate 

of the link. 

x Interference is most critical when it is fluctuating. For example, this can be the case 

if the DN to DN link in Figure 11 is rarely used, such that the CN only sporadically 

receives interference. In this case, the link adaptation might be unable to react fast 

enough such that an increase in packet error rate (PER) is the result. 

 

Results from Field Trial Measurements 
We studied three 60 GHz trial networks with respect to interference from secondary NLOS 

links. Deutsche Telekom and its subsidiary Magyar Telekom operate two networks in Márkó 

and Mikebuda, Hungary [3]. These networks are located in suburban / rural areas. For these 

networks no interference due to secondary links was detected. This is in line with the 

expectation, as reflections from smooth surfaces such as glass facades are unlikely in 

such environments. 

For an urban network mentioned in the introduction, three links with interference from 

secondary NLOS links were identified. The first case is shown in Figure 12. Here the two 

90° sectors 11L799.s1 and 11L799.p1 are installed back-to-back at one pole.  11L799.s1 

connects to 11L321.CN while 11L799.p1 connects to 11L316.CN and 11L19.s1. From the output 

of the NANO tool (as described in Section 2), it can be seen that 11L312.CN receives 
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interference from 11L799.p1, such that the INR equals 0.18dB. As 1L799.p1 does not point 

towards 11L312.CN but into the opposite direction, this interference must be caused by a 

reflection. However, due to the densely built-up area, it is currently not possible to determine 

the exact reflector.  

A second example is depicted in Figure 13. Here the node 11M1001.2 (connected to 11M903.1) 

receives interference from node 11M239.3 which is transmitting towards 11M926.1. This is, 

however, a very weak level of interference (INR -8 dB) is observed/measured in this scenario.  

Figure 13: Second example for interference from secondary link [7] 

Figure 82: First example for interference from secondary link [7] 
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Another example of weak interference from an NLOS link is depicted in Figure 14. The node 

12L82.1 receives interference (INR -7 dB) from node 12L61Y.2 (while this is serving 12L18.CN). 

The NLOS interference comes from either single reflection/diffraction or double reflection, and 

classification of the exact NLOS path would require ray-tracing experiments. 

In summary, it can be concluded that interference from secondary NLOS links is not a 

significant hurdle in 60 GHz mesh networks. For the two rural / suburban networks no such 

cases were detected. For the urban network only three out hundreds of links were identified 

and in addition, the level of interference caused was limited.  

However, LOS interference, which is not in scope for this white paper, was detected in all three 

networks and can have a problematic impact. LOS interference is another use case of post 

deployment optimization but should also be accounted for in the pre-deployment planning 

and optimization. 

  

Figure 9: Third example for interference from secondary link [7] 
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Section 5: Conclusion and Next Steps 
5.1 Summary of Conclusions 
Traditional network planning of mmWave is limited to line of sight (LOS) paths between the 

transmitter and receiver. However, this does not mean that NLOS paths between a transmitter 

and a receiver do not exist at mmWave frequencies.  

From Section 3, for the dense urban network studied, it can be deduced that at least 15% of 

the planned LOS links can be connected via a NLOS path by steering the two nodes at a 

different azimuth. Similarly, there are ~1.5x new LOS or NLOS links (relative to the number of 

original routes), which can be used as new paths for topology optimization. With regards to 

NLOS path via reflections, the analysis exhibits how reflected links can be leveraged as 

alternate routes to the LOS link. The media for reflection can be via a glass exterior building 

(the most common scenario), a billboard, or even a concrete pillar. Also, the concept of using 

reflected paths does not have to be restricted to topologies where such reflectors are already 

available in the environment. Artificial reflectors, strategically placed, can enable a direct path 

between two nodes that cannot be connected via a LOS path. With examples, it can be seen 

that mmWave signals can propagate through certain types of foliage. However, it must be 

noted that many of the new links seen in the network were unidirectional. Lastly, based on the 

new LOS and NLOS links discovered through NANO, topology optimization can be applied to 

reduce interference, to reduce the number of hops for critical links, to reduce points of failure, 

and to lower latency. Topology optimization can also be used to add backup links for critical 

connections, it helps to reduce network-wide end-to-end latency, and helps improve total 

network availability.  

It is also a concern that NLOS paths (e.g. those caused by reflections) might cause interference. 

Section 4 describes the corresponding principles and under which conditions this might occur. 

For two suburban/rural trial networks no interference from NLOS links was found, which is 

expected due to the low number of potential reflectors. For an urban network for three out of 

approximately 250 links NLOS interference was detected, each of them with low impact. It is 

concluded that interference from secondary NLOS is not a significant problem in 60 GHz mesh 

networks. In contrast, LOS interference, which is not in scope for this white paper, can be 

significant problem. LOS interference is another use case of post deployment optimization but 

should also be accounted for in the pre deployment planning and optimization. 
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5.2 Next Steps 

Importing Lessons from Post-Deployment into Pre-Deployment:  

The post deployment analysis provides a large dataset containing both the real-world 

performance of links that were selected during pre-deployment planning and also the 

performance of links that were subsequently identified post-deployment. The analysis is useful 

to gauge the accuracy of the pre-deployment planning and measurements. As the number of 

deployments increases, the dataset also increases. This provides a rich source of training data 

that could be used in the implementation of machine learning-driven enhancements to the 

pre-deployment network planning. Based on the analysis in the above sections, here are some 

tools enhancements that could be implemented: 

x Use LIDAR data to detect new paths: Correlate the post-deployment analysis 

with LIDAR data to improve the computer vision algorithms for LOS/NLOS path 

detection. Environmental sensing with 2D/3D beam forming reflects the real 

morphology. 

x Interference management: This can be detected using the LIDAR-based methods 

described above and can be extended to detection of NLOS and LOS interference. 

Post detection, the interference can be managed via route reconfiguration or 

receiver interference nulling.  

It is important to note that – even with advanced ML/AI driven enhancements to the network 

planning methods that may help network engineer detect NLOS paths and interference in pre-

deployment – some optimization techniques may only be possible after the network is 

deployed and functional. 

Proposed Features and Optimization Techniques for mmWave 

Network Planning Tools:  

In addition to the tool enhancements described above, below is a list of other optimization 

techniques based on the lessons learned from this analysis. 

x Hypothesis of interference in 3D - Most planning tools for mmWave today detect 

interference in the 2D. Extending the interference detection in the elevation plane 

will enable the study of ground reflections and other 3D phenomena in the 

environment. 

x Leveraging artificial reflectors: The analysis shows that a large number of viable 

NLOS paths are available through reflection. This finding supports efforts 

elsewhere in the industry to develop artificial reflectors that enable the use of 

NLOS paths. This is particularly valuable in those cases where an additional node 
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must be introduced into the network solely to create a path around an obstacle. 

The tools could automatically suggest the placement and configuration of artificial 

reflectors instead of additional nodes, which would improve the TCO analysis. 

x Side Lobe Detection: Detecting the new paths and interference created through 

side lobes vs. main lobes. Side lobes can be identified because, unlike main lobes, 

they are not symmetric. The actual viability of side lobes depends on the side lobe 

level relative to the main lobe. 

x Extending the concepts beyond network planning for mesh networks: Lastly and 

most importantly, the analysis should not be limited to mesh networks. This study 

is beneficial for other use cases of mmWave spectrum such as mobile access 

networks (for IEEE 802.11ad/ay or 3GPP based 5G-NR) in different licensed and 

unlicensed bands. 
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Contact Info 
WEBSITE 

https://mmwave.telecominfraproject.com/ 

EMAIL 

mmwave-info@telecominfraproject.com 
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Abbreviations 
2D  Two Dimensional 

3D  Three Dimensional 

3GPP  3rd Generation Partnership Project 

5G-NR  5th Generation – New Radio  

AI  Artificial Intelligence 

CN  Client Node 

dB  Decibel 

DN  Distribution Node 

IEEE  Institute of Electrical and Electronics Engineers 

INR  Interference to Noise Ratio 

KPI  Key Performance Indicator 

LIDAR  Light Detection and Ranging 

LOS  Line of Sight 

MCS  Modulation and Coding Scheme 

mmWave Millimeter Wave 

ML  Machine Learning 

NANO  Network Analyzer and Optimizer 

NLOS  Non-line-of-sight 

P2MP  Point to Multi-Point 

PER  Packet Error Rate  

PoP  Points of Presence 
RX  Receiver 

SFN  Single Frequency Network 

SINR  Signal to Interference + Noise Ratio 

SNR  Signal to Noise Ratio 

SPOF  Single Point of Failure 

TCO  Total Cost of Ownership 

TDD  Time Division Duplexing 

TDMA  Time Division Multiple Access 

TIP  Telecom infra project 

TX  Transmitter 
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TIP Document License 

By using and/or copying this document, or the TIP document from which this statement is linked, you 

(the licensee) agree that you have read, understood, and will comply with the following terms and 

conditions: 

Permission to copy, display and distribute the contents of this document, or the TIP document from 

which this statement is linked, in any medium for any purpose and without fee or royalty is hereby 

granted under the copyrights of TIP and its Contributors, provided that you include the following on 

ALL copies of the document, or portions thereof, that you use: 

1. A link or URL to the original TIP document.  
2. The pre-existing copyright notice of the original author, or if it doesn't exist, a notice (hypertext is 

preferred, but a textual representation is permitted) of the form: "Copyright 2019, TIP and its 
Contributors.  All rights Reserved" 

3. When space permits, inclusion of the full text of this License should be provided. We request that 
authorship attribution be provided in any software, documents, or other items or products that 
you create pursuant to the implementation of the contents of this document, or any portion 
thereof. 

 

No right to create modifications or derivatives of TIP documents is granted pursuant to this License. 

except as follows: To facilitate implementation of software or specifications that may be the subject of 

this document, anyone may prepare and distribute derivative works and portions of this document in 

such implementations, in supporting materials accompanying the implementations, PROVIDED that all 

such materials include the copyright notice above and this License. HOWEVER, the publication of 

derivative works of this document for any other purpose is expressly prohibited. 

For the avoidance of doubt, Software and Specifications, as those terms are defined in TIP's 

Organizational Documents (which may be accessed at https://telecominfraproject.com/organizational-

documents/), and components thereof incorporated into the Document are licensed in accordance 

with the applicable Organizational Document(s). 

Disclaimers 

THIS DOCUMENT IS PROVIDED "AS IS," AND TIP MAKES NO REPRESENTATIONS OR WARRANTIES, 

EXPRESS OR IMPLIED, INCLUDING, BUT NOT LIMITED TO, WARRANTIES OF MERCHANTABILITY, 

FITNESS FOR A PARTICULAR PURPOSE, NON-INFRINGEMENT, OR TITLE; THAT THE CONTENTS OF 

THE DOCUMENT ARE SUITABLE FOR ANY PURPOSE; NOR THAT THE IMPLEMENTATION OF SUCH 

CONTENTS WILL NOT INFRINGE ANY THIRD PARTY PATENTS, COPYRIGHTS, TRADEMARKS OR OTHER 

RIGHTS. 
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TIP WILL NOT BE LIABLE FOR ANY DIRECT, INDIRECT, SPECIAL OR CONSEQUENTIAL DAMAGES 

ARISING OUT OF ANY USE OF THE DOCUMENT OR THE PERFORMANCE OR IMPLEMENTATION OF 

THE CONTENTS THEREOF. 

The name or trademarks of TIP may NOT be used in advertising or publicity pertaining to this 

document or its contents without specific, written prior permission. Title to copyright in this document 

will at all times remain with TIP and its Contributors. 

This TIP Document License is based, with permission from the W3C, on the W3C Document License 

which may be found at https://www.w3.org/Consortium/Legal/2015/doc-license.html. 

  

 


