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Because of their exclusive features, millimeter wave 
directive mesh networks can be considered for small cell 
backhaul support in urban environments. For this 
purpose, a network of closely spaced stations has been 
considered with very directive line-of-sight links operating 
in the 60-GHz band. An attempt is made to evaluate 
channel response and interference behavior in such a 
network, taking into account the effect of building 
blockage. A simple grid of building blocks is considered as 
the propagation environment, and wave propagation is 
simulated using 2.5-dimensional (2.5D) ray tracing (2D 
with ground effect) to calculate the received signal at 
different nodes in the network. The results are compared 
with free space predictions and used to evaluate 
interference at all nodes in the channel and describe 
certain characteristics of links, such as the delay profile 
and the correlation length. 
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I. Introduction 

Millimeter wave frequencies, specifically the 60-GHz band, 
possess distinct characteristics that set them apart from other 
frequency bands in many ways. Their short wavelength 
introduces higher path loss and severe attenuation from 
scattering in the propagation environment. High path loss and 
low available power bring about the need for directive antennas 
to overcome path loss even for short links. At these frequencies, 
high gain and small antennas are feasible and commercially 
available [1], and research is underway toward the 
development and improvement of directive steerable antennas 
in this band [2], [3]. Another feature of the 60-GHz band is the 
high unlicensed bandwidth available, which provides the 
potential for very high bitrates [4]. 

Because of these features, millimeter wave mesh networks 
can be considered for small cell backhaul support in urban 
environments as a substitute for fiber [5]. Recent trends show 
that cellular mobile communication is headed toward smaller 
cells and higher per user bitrates. Small cells means more 
densely located stations and thus high cost for fiber backhaul 
implementation. Yet, a directive mesh network operating in the 
unlicensed millimeter wave band (namely, 60 GHz) can 
provide all that we are looking for: small cells with short links, 
high data rate (due to huge available spectrum), low cost (no 
licensing cost), and robust implementation (small antennas 
with high gain). Over all, free spectrum licensing and 
elimination of the need for costly trenching and fiber 
installation along with speedy, robust deployment give the 
wireless mesh backhaul option a considerable advantage over 
fiber [5], [6]. 

In such a network, each mesh point provides an access point 
for users in its proximity. We shall refer to the area supported 
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by an access point as its cell. Each backhaul mesh station is 
located close to an access point (on the same mount if possible) 
and delivers the data load of the users in its cell to and from the 
core network. A major distinction of such a network is the 
placement of station antennas. Normally in a cellular network, 
base station antennas are mounted as high as possible to extend 
the reach of the station. Yet, in a small cell structure with cell 
radii as small as a few tens of meters, access point antennas 
must be located at lower heights to limit inter-cell interference 
and limit cell boundaries. Here, we consider a network of 
nodes in a simplified approximation for an urban environment 
consisting of city blocks and streets with nodes located at street 
crossings and antenna heights below rooftop level.  

Such a network is very different from existing directive 
networks, and the models and methods available are not 
suitable for a millimeter wave mesh. High frequency rays are 
more severely attenuated by such propagation phenomena as 
diffraction, scattering, and reflection from rough surfaces, so 
60-GHz signals exhibit a lower multipath power level and less 
penetration in faraway areas without a clear line of sight (LOS) 
to the transmitter (TX). The high gain of 60-GHz antennas 
(over 20 dB [1]) provides a high level of spatial isolation 
between links and opportunity for vigorous spatial reuse, unlike 
directive networks at lower frequencies. Therefore, extensive 
study and evaluation is required for the design of such a 
network. 

Most of the previous work on outdoor directive networks 
thus far has concentrated on lower frequency bands utilizing 
both directional and omnidirectional transmission [7]-[14]. 
Such an approach is not suitable here because of the higher 
directivity of millimeter wave antennas and unfeasibility of 
omnidirectional transmission. Other attempts, such as in [15], 
have addressed the problem of interference modeling and link 
scheduling in a directive mesh network; yet, in these attempts, 
directivities were small and antennas were assumed to exist in 
free space (FS) with no blockage or propagation mechanisms 
involved.  

After the 60-GHz band became available for unlicensed use 
in 2001, it attracted a great amount of attention. Due to severe 
oxygen absorption (as high as 15 dB/km), most of the recent 
work has been on indoor applications of 60-GHz 
communication [16]-[23]. However, outdoor applications that 
make use of the distinct characteristics of the 60-GHz band 
have also been considered [24], [25]. While most of the work 
on outdoor 60-GHz networks has neglected the problem of 
interference between links and focused on matters such as 
antenna alignment, neighbor discovery, and the problem of 
deafness, an attempt has been made to evaluate interference 
behavior in an outdoor millimeter wave mesh with directive 
antennas in [26]. Here, we add the effect of building blockage 

to assess the impact of the propagation environment on 
interference shaping when antennas are placed below rooftop 
level. Wave propagation is simulated using ray tracing, and the 
received signal at different nodes in the network is used to 
evaluate channel response at the designated receiver (RX) and 
interference at other nodes in the network. 

In section II, the simulation procedure is explained. The 
results are presented and discussed in section III, followed by 
conclusions and suggestions of areas for further study in 
section IV. 

II. Simulation Scenario 

In many of the previous attempts to model interference for 
outdoor directive mesh networks at 60 GHz, structures and 
obstacles in the environment were neglected [26]. This would 
be more or less acceptable if the antennas were above rooftop 
level with small vertical beamwidths, but this FS assumption is 
not very accurate in a scenario in which nodes are beneath 
rooftop level. In such a case, blockage and wave guiding 
caused by building blocks could greatly affect the interference 
behavior of the network.  

To understand how stations interfere with each other in the 
implementation described in the previous section, we need 
some sense of the topology of the network. For easy 
implementation, mesh nodes should be placed close to access 
points of the small cell network, that is, on the same mount. So, 
the location of our mesh nodes is defined by the location of the 
cell centers. Stations with short ranges should be located close 
to the ground, beneath rooftop level. To increase the reach of a 
station to nearby areas, it is best to locate the station at a 
crossroad rather than in the middle of a street block. This way, 
the number of stations required to provide coverage for a given 
area is minimized (Fig. 1). 

We considered a 1,740 m × 2,180 m area of a hypothetical 
 

 

Fig. 1. Cell coverage with node at intersection and node at middle
point of block. 
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city consisting of an 8×10 grid of square blocks, each 200 m 
wide and having 20 m of space between them (Fig. 2). This 
arrangement produces streets that are 20 m wide and 200 m 
long.  

Figure 3 shows a real world scenario and how it might fit in 
the proposed model. This figure shows a 1,000 m × 600 m 
portion of the city of Ottawa, Ontario, Canada, as shown in 
[27], fitted into a grid of building blocks with widths ranging 
from 150 m to 200 m. This same map was used in previous 
 

 

Fig. 2. Simulation scenario and station numbering. 
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work [28] to analyze and evaluate the ray tracing code used by 
comparing the results to the measurements in [27]. The ray 
tracing code used here is evaluated by comparing the results to 
the measurements reported in [29], showing agreement [30].  

It is worth noting that the deviation of our simplified map 
from reality is slight because we showed in [31] that a real city 
street can be approximated with great accuracy with a simple 
canyon guiding LOS and reflected components to the RX, 
even with wide irregularities and breaks (due to the 
intersections) in the street walls. Figure 4 shows a comparison 
of ray tracing results in the actual map and a simple street 
canyon approximation. 

In our proposed scenario, the walls are assumed to be made 
of concrete with a relative permittivity of 7, and the permittivity 
of the ground is assumed to be 15. A conductivity of 0.2 and 
0.05 is considered for the walls and ground, respectively [27]. 
Stations are placed at street intersections with each node 
connected to the nodes at its four neighboring intersections 
using a 60-GHz wireless link. Because of the symmetry of this 
scenario, we can infer that the amount of interference of one 
transmitting link accurately indicates the amount of 
interference of all the other links in the network. Figure 2 
shows the proposed map. Nodes are numbered for referencing. 
Node 25 transmits on its northward link, and the received 
power is computed at the receiving end of each link, that is, at 
the north-, east-, south-, and west-facing antennas of every 
node.  

Antennas are placed at a height of 3 m, and the heights of the 
surrounding buildings are thought to be much greater than the 
TX and RX antennas; therefore, diffraction over buildings can 
be ignored and 2.5D ray tracing can be considered an 
acceptable approximation. A total of 3,600 rays with uniform 
angular spacing are emitted from the TX and traced through  

 

 

Fig. 3. Fitting real structure of part of city of Ottawa to simple block model. 
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Fig. 4. Comparison of results of ray tracing on real city map and predictions of simple street canyon model. 
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Fig. 5. Antenna pattern and characteristics. 
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the city until they either leave the map or die down to a level 
corresponding to 10 km of FS propagation. Rays that hit 
building corners are assumed to be diffracted in all directions 
with the diffraction loss of each direction calculated using the 
uniform theory of diffraction [32]. In other words, the building 
corner is modeled as a new origin of radiation emitting up to 
360 new rays with a uniform angular spacing of 1 degree. The 
chosen degree of angular spacing of the diffracted rays cannot 
be very small because it has an exponential effect on the  
program runtime. Rays are traced in two dimensions; for each 
path connecting the TX to a receiving point, the corresponding 
ground-reflected path is added to the received components, 
thus turning the simulation into a 2.5D simulation. 

Transmitting and receiving antennas are modeled as perfect 
sector antennas, the properties of which are described in Fig. 5. 
The main beam has a 23-dB gain and an angular width of   
10 degrees. A uniform sidelobe with a −27-dB gain relative to 
the main beam is considered outside the main beam. 

As shown in Fig. 2, due to the symmetry of the scenario, 
nearly half the points can be ignored (the nodes on the left and 
right are exactly the same). This symmetry, however, does not 
exist for up-down mirrored nodes because of the transmitting 
antenna pattern, which favors up. For this reason, all nodes on 
the right half of the map are omitted from the results.  

The received power at all stations is calculated by adding the 
complex field magnitude of rays that cross the stations. Based 

on the direction of arrival (DOA) of each ray and orientation of 
the receiving antenna, the antenna gain is added to the field 
intensity. At each receiving station, received power is 
calculated for two different antenna orientations: one with the 
main beam pointing toward the transmitting antenna (or toward 
the angle of incidence of the strongest ray, which is the 
diffracted ray for stations without a clear LOS toward the TX) 
and the other with the main beam pointing away from the TX. 
For comparison, FS and FS plus ground (FSG) reflection 
predictions are also calculated and displayed along with the 
simulation results. 

All received power calculations are carried out on a 9-point 
window around the RX, that is, on a 3×3 grid centered at the 
receiving node with a distance of 0.5 m between points.  

III. Simulation Results and Discussion 

Figures 6(a) and 6(b) show the results of our simulation in 
LOS stations with RX antennas pointed toward and away from 
the TX. FS and FSG reflection predictions are displayed as 
well for comparison. All results are normalized to the desired 
signal level (signal level at the southward link of node 32). In 
the FS scenario, it is assumed that there are no obstructions 
present in the environment, with the FSG reflection scenario 
taking into account the presence of ground reflected 
components in an otherwise empty environment. Figures 6(c) 
and 6(d) show the same results for non-LOS (NLOS) stations. 

It is clear from the results that LOS stations show better 
agreement with the FS and FSG predictions than NLOS due to 
the presence of the LOS component. FS and FSG predictions 
significantly overestimate received power in NLOS stations. At 
NLOS stations, the strong FS component is blocked by 
buildings and, seeing as consecutive reflections cannot 
propagate into crossing streets far enough to get to NLOS  
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Fig. 6. Results of simulation, FS, and FSG reflection predictions for (a) LOS nodes with antennas pointed toward strongest incident ray,
(b) LOS nodes with antennas pointed away from strongest incident ray, (c) NLOS nodes with antennas pointed toward strongest
incident ray, and (d) NLOS nodes with antennas pointed away from strongest incident ray. 
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stations, diffraction is the main mechanism of penetration 
toward NLOS stations. The sizable gap between FS/FSG and 
ray tracing simulations is basically the result of a severe 
diffraction loss suffered by these components. This loss can be 
roughly calculated by 

( )1 2
ex 2

1 2

cot ,
4 i

d d
L

d d n
+

= γ∑λ           (1) 

ni 2
)( 21 ϕϕπγ ±±= , πθ /2 cn −= , i = 1, 2, 3, 4 , 

where d1 and d2 respectively represent the distances of the TX 
and RX from the diffraction point and λ is the wavelength; the 
other parameters are defined in Fig. 7 [33]. 

At some points, however, this gap seems to shrink. This is 
due to antenna orientation and directivity at transmitting and 
receiving stations. According to (1), excess diffraction loss is 
about 60 dB to 70 dB. Figure 6(d) shows that the difference 
between FS and ray tracing is about this much for stations 1, 2, 
3, 8, 9, and 10. However, in the rest of the stations, the main 
beam gain of the TX antenna is added to the ray, decreasing the 
gap between FS and ray tracing. As shown in Fig. 6(c), when 
the RX antenna is pointed in the direction of the incoming ray, 
this gap is further decreased and practically vanishes at the  
 

 

Fig. 7. Diffraction geometry and parameters. 
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nearer nodes. This shows that environment geometry affects 
the channel response in many ways. Buildings block the LOS 
for many links, but they also introduce a wave guiding effect, 
which may result in stronger rays propagating into unexpected 
areas. 

By taking into account the environmental obstacles and 
antenna orientations, the excess loss calculated in (1) and 
antenna gains in the direction of the diffraction path (which 
differ from the FS path considered before) are added to the FS 
predictions, resulting in better agreement between these 
modified predictions and the simulation results. These results 
are shown in Fig. 8. 

In the simplified map that we consider, LOS stations are 
located on the same street as the transmitting node. In these 
links, rays that deliver power include the LOS ray and single or 
multiple reflections from the ground and walls of the street. 
Reception of many reflected rays (with the same order of 
power) leads to an increase in the variation of received power. 
We expect that the farther away the TX is from the station, the 
more significant the decrease in signal levels. However, as 
shown in Fig. 6(a), at node 46, for instance, a combination of 
reflected components can increase signal levels to several 
decibels above LOS predictions. This means that more nodes 
can be considerably affected by the interference of the 
designated TX. In other words, the guiding behavior of the 
street calls for the provision of a higher margin when predicting 
the signal-to-noise plus interference ratio (SNIR) for network 
design. 

NLOS points may also be subject to multipath fading. In our 
modified FS model, we consider a single diffracted ray. 
However, in general, several diffraction points (with similar 
geometry and distances) may exist between the TX and RX,  
 

 

Fig. 8. Comparison of ray tracing results for NLOS nodes with modified FS with diffraction loss predictions. 
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and each diffracted component may also have corresponding 
reflected components.  

Figure 9 shows the available diffraction points in our simple 
scenario. The corners represented by a light dot in the figure 
diffract rays coming from the main beam, and the corners 
represented by a dark dot in the figure diffract rays from the 
sidelobes of the transmitting antenna. How each ray is picked 
up at the RX depends on the orientation of the receiving 
antenna. The interaction of these rays and their reflections at 
the RX cause variations in the received power. Of course, 
received components at NLOS stations are normally quite 
weak, and it is unlikely that the combination of several of these 
rays would disrupt the link quality or SNIR. 
 

 

Fig. 9. Different available diffraction paths. 
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1. Channel Description for LOS Links 

The received signal at LOS RXs is the sum of a number of 
components or rays with the same order of power and random 
relative phase. The number of these rays and their power 
determine the statistical description of received signal strength. 
The power a ray produces at the RX is mostly dependent upon 
its angle of departure and DOA. Rays that are emitted from the 
main beam of the TX antenna are at least 27 dB stronger than 
rays emitted from a sidelobe. The same holds true for rays 
received from the main beam of the receiving antenna. The 
number of rays emitted from and received by the main beam 
depends on the beamwidth of the TX and RX antennas, the 
street width (W), and the link length (distance between TX and 
RX stations, denoted by L).  

Assuming a ray is reflected N times, the distance of the first 
incidence on the wall equals L/2N. If this point falls at the part 
of the wall illuminated by the main beam of the antenna, the 
ray is emitted from the main beam. The minimum distance on 
the wall that is illuminated by the main beam (as shown in  
Fig. 10) is               

BWcot( )
2 2

W θ . 

Therefore, a ray reflected N times is emitted from the main 
lobe if 

BWcot( )
2 2 2
L W
N

≥
θ

.              (2) 

The largest N that satisfies this requirement is 

BWtan( )
2

LN
W
⎢ ⎥= ⎢ ⎥⎣ ⎦

θ
.              (3) 

Therefore, the number of reflected components emitted from  
 

 

Fig. 10. Main beam illumination distance on street walls for different antenna beamwidths. 
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Fig. 11. Number of main beam rays as function of distance to
width ratio for different antenna beamwidths. 
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Fig. 12. Normalized ray intensity as a function of number of 
consecutive reflections for different L to W ratios. 
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the main lobe is 2N (each number of reflections occurs twice, 
once starting with the left wall and again with the right wall). 
Each component has a reflection from the ground as well, and 
we also have the LOS component and its ground reflection; so, 
n = 4N+2 rays emitted from the main beam reach the RX. In a 
scenario in which antennas are located at equal distances from 
the right and left walls, due to symmetry, all rays emitted from 
the main lobe are picked up from the main lobe, granted that 
the receiving antenna is pointed in the direction of the TX. In a 
scenario with different assumptions for antennas and 
placement of nodes, these conclusions would differ; however, 
qualitatively, the dependence of n on L, W, and θBW would be 
the same. 

Figure 11 shows the number of rays transmitted from and to 
the main beam as a function of distance-to-street-width ratio 
for various antenna beamwidths. Of course, not all of these 

rays contain the same amount of power. When N (number of 
reflections) becomes large, so does the grazing angle of 
reflections and therefore the overall attenuation caused by 
reflections. Figure 12 shows the normalized ray power as a 
function of the number of consecutive reflections for different 
L/W ratios. 

In the absence of main beam rays, that is, rays that are 
either emitted or received from the main beam, many 
components with similar order signal power reach the RX, 
increasing the variation in signal strength. This increase in 
variation is clear from Figs. 6(b) and 6(d), in which RXs 
pointing away from the TX and placed behind the main beam 
of the transmitting antenna show much higher variation in 
signal strength than links with the beam of at least one end 
pointed toward the link.  

When considering reception (and not interference), received 
power is not the only significant factor. Link quality is also 
affected by the difference in time delay of received components, 
which limits the bitrate of a link by controlling inter-symbol 
interference. In addition, correlation length can also be an 
important characteristic for links that use MIMO or spatial 
diversity. Both of these parameters are evaluated in the context 
of the described scenario for LOS links.  

2. Time Delay Difference of Rays 

The time difference between receptions of different rays is 
proportional to their propagation distance. In a street of width 
W, with TX and RX antennas with beamwidth θBW, a link with 
length of L will have n components, where n is calculated 
using the equations described previously. 

The shortest path is the LOS with length L (assuming TX 
and RX antennas are at equal height, h). The longest path, 
which falls inside the main beams of both antennas, undergoes 
N reflections off street walls and one off the ground. The length 
of this path is 

2 2
2 2 2 1( ) (2 ) 1 2

2
NW hL NW h L

L L
⎛ ⎞⎛ ⎞ ⎛ ⎞+ + ≈ + +⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟⎝ ⎠ ⎝ ⎠⎝ ⎠

. 

Therefore, the distance difference between the shortest and 
longest paths is 

( )2 21 2
2

NW hL
L L

Δ = + .           (4) 

From here, the maximum time delay between components can 
be calculated by 

cL /Δ=Δτ , 

where c is the speed of propagation. For instance, for the map 
used in this simulation with W = 20 m, L = 200 m, and h = 3 m  
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Fig. 13. Angular span of incoming rays and directions (1) and (2)
for calculating correlation length. 
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for a beamwidth that allows N = 2, we have 

( )2 22.201 32 4.09m
2 200 200

LΔ = + = , 

which corresponds to a time delay of / 13.6 nsL cΔτ = Δ =  
between the earliest and latest received rays. 

3. Correlation Length 

One factor that is affected by the DOA of rays at the RX is 
the correlation length. In a propagation environment in which 
rays arrive at the RX from all directions, the correlation length 
of the channel is in the same order of magnitude as a 
wavelength. However, when the DOA is limited to a small 
angular span, the correlation length increases. When the wave 
vector of incoming rays is similar, moving the RX in a certain 
direction induces similar amounts of phase change in all the 
received components, keeping the result of their overall 
interaction almost unchanged. Assuming all received rays fall 
within an angular span of α, moving the RX L meters in one of 
the directions shown in Fig. 13 results in a maximum relative 
phase change of 

1

2

cos (1 cos ),

0 cos( / 2 ) sin .

Lk Lk Lk

Lk Lk

Δ = − α = −

Δ = − π − =

θ α
θ α α

 

Therefore, assuming a maximum relative phase turn of π/2 is 
required for loss of correlation; the correlation length in each 
direction is expected to be 

1

2

,
4(1 cos )

,
4 sin

CL

CL

=
−

=

λ
α

λ
α

 

which, for small α, can be several orders of magnitude greater 
than λ. 

IV. Conclusion and Future Work 

We observed that blockage caused by buildings affects the 
channel response in different areas in a variety of ways. In 
NLOS areas, blockage of the LOS component results in 

reflection and diffraction when delivering signal power to RXs. 
Due to the length of the streets, it takes many consecutive 
reflections for a ray to propagate through the LOS street, reflect 
around a corner, and continue traveling toward the NLOS 
receiving node. These reflections have small incident angles 
and can be attenuated severely by roughness. In fact, if 
diffraction is not addressed, rays only reach a few nearby 
NLOS nodes with a significant power level. Limited 
penetration of reflected rays into crossing streets causes 
diffraction to be the main conveyer of signals to NLOS areas, 
resulting in a substantial decrease in power levels. Both 
blockage caused by buildings and antenna orientation must be 
taken into account to accurately predict signal levels in NLOS 
stations. 

In LOS areas, however, the average received power does not 
differ greatly from FS predictions; yet, street surfaces introduce 
several reflected components as well. The combination of these 
components can result in variations in the received signal 
power, which may result in overestimation of desired signals or 
underestimation of interference from LOS TXs in some cases; 
especially in faraway nodes where more reflections come into 
the main beam zone, we have more components and therefore 
a higher standard deviation. If not considered appropriately, this 
higher variation can result in interference levels exceeding the 
margin and thus damage the link quality. In other words, the 
wave guiding effect of street surfaces brings about the need to 
reconsider SNIR margins.  

Other channel characteristics, such as time delay and 
correlation length at LOS receiving points, were also evaluated. 
It was observed that because of the small angular span of 
incident rays, signal levels of nearby points are strongly 
correlated and the correlation length of the channel is much 
greater than the wavelength.  

In the continuation of this work, similar simulations will be 
carried out in different environment models. We will apply the 
work presented herein to a real city environment to assess the 
conclusions. 
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