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Why mmWave for Cellular?

Microwave

3 GHz 300 GHz
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28 GHz 38-49 GHz 70-90 GHz300 MHz

Huge amount of spectrum available in mmWave bands*	

Cellular systems live with limited microwave spectrum ~ 600MHz	


29GHz possibly available in 23GHz, LMDS, 38, 40, 46, 47, 49, and E-band	


Technology advances make mmWave possible	

Silicon-based technology enables low-cost highly-packed mmWave RFIC**	


Commercial products already available (or soon) for PAN and LAN	


Already deployed for backhaul in commercial products

1G-4G cellular 5G cellular

m i l l i m e t e r   w a v e

* Z. Pi and F. Khan. "An introduction to millimeter-wave mobile broadband systems." IEEE Communications Magazine, vol. 49, no. 6, pp.
101-107, Jun. 2011. 
** T.S. Rappaport, J. N. Murdock, and F. Gutierrez. "State of the art in 60-GHz integrated circuits and systems for wireless 
communications." Proceedings of the IEEE, vol. 99, no. 8, pp:1390-1436, 2011



Characteristics of the	

MmWave Channel  



Channel Measurements

MmWave cellular channel already measured in various environments	

Measurement results validate the feasibility of mmWave cellular networks 	


MmWave channel appears more dependent on site-specific environments
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38 GHz measurements between buildings were conducted in 
LOS, partially obstructed LOS, and NLOS links in clear 
weather, rain, and in hail storms. Worst-case attenuation of 26 
dB above free space was found during a severe hail storm [1]. 
Narrowband millimeter wave propagation during weather 
events was studied in [13] where the Laws-Parsons model was 
shown to give reasonable statistical results of measured 
attenuation versus rain rate at 60 GHz, and showed the 
importance of the rain drop diameter. 

In [14], a 230 m link at 35 GHz was studied and found excess 
attenuation of at least 2.5 dB for all rain events, and an excess 
attenuation of 10 dB or more occurring for 30% of the time. 

II. MEASUREMENT HARDWARE 
The channel sounder used here employs a variable rate 

PN sequence generator, adjusted to 400 Mcps for 38 GHz 
measurements and 750 Mcps for 60 GHz. The system is a 
superheterodyne with IF frequency of 5.4 GHz, which is fed to 
the millimeter wave up- and down-converters. The 38 and 60 
GHz switchable up and down converters were built by Hughes 
Research Laboratories (HRL), and contain a mixer and LO 
frequency multipliers to yield carrier frequencies of 37.625 
and 59.4 GHz. The 37.625 GHz carrier is sent at a power of 22 
dBm and the 59.4 GHz carrier is sent at a power of 5 dBm. 
Since a sliding correlator requires a slower rate identical PN 
sequence, chip rates of 749.9625 MHz (slide factor of 20,000) 
and 399.95 MHz (slide factor of 8,000) were used for the 60 
and 38 GHz receivers, respectively, to provide good 
processing gain and minimal pulse distortion. The system is 
able to measure at least 150dB of path loss in each band.  

For 38 GHz, identical Ka-band vertically polarized horn 
antennas with gains of 25 dBi and half-power beamwidth of 
7.0o were used at the transmitter and receiver. The 60 GHz 
peer-to-peer measurements used identical U-band vertically 
polarized horn antennas with gains of 25 dBi and beamwidth of 
7.3o at the transmitter and receiver. All antennas were rotated 
on 3-D tripods.    

III. EXPERIMENTAL DESIGN 

A. Peer-to-Peer ChannelMeaurements 
For the peer-to-peer study, a single transmitter and ten 

random receiver locations were chosen around a pedestrian 
walkway area surrounded by buildings of 1 to 12 stories. The 

transmitter was placed 20 meters away from a 7 story 
building. The receiver was moved to locations with distances 
of 19 to 129 meters from the transmitter. The locations in Fig. 
1 offered typical urban reflectors and scatterers such as 
automobiles, foliage, brick and aluminum-sided buildings, 
lampposts, signs, and handrails. 

In order to characterize the various LOS and NLOS links 
present at each receiver location, the narrowbeam horn 
antennas were systematically steered in the azimuth direction 

(similar to a beam-steering antenna array). For LOS links, the 
transmitter and receiver were first pointed directly at each 
other, corresponding to azimuth scanning angles of 0o for both 
the transmitter and receiver. Next, the transmitter antenna was 
pointed at the direction of a large scatterer. Then, the receiver 
antenna was steered to point towards that same scatterer. If a 
link was successfully established, a measurement was 
recorded. Next, the transmitter orientation was left fixed on 
the scatterer and the receiver antenna was then steered a full 
360o to find and measure any additional links due to double-
scattering or other propagation events. These additional links 
were found at most receiver locations, with one or two 
additional receiver angles at 60 GHz, and one to three 
different receiver angles at 38 GHz, although at substantially 
lower (-20 dB typ.) signal strength. All peer-to-peer receiver 
locations had a LOS path to the transmitter and, as a 
consequence, no outages were found for the peer-to-peer 
measurements.  

Measurements made at each receiver location for a 
particular transmitter-receiver angle combination consisted of 
the average of eight local area point PDP measurements, 
where each point in the local-area was spaced equally on a 
circular measurement track with  10λ  separation  between  each  
point. Each point PDP measurement consisted of a time 
average of 20 power delay profiles (PDPs) acquired in rapid 
succession over a fraction of second.  As the receiver antenna 
was moved around the local area circular track, it was oriented 
to always point at the cause of the multipath link, as illustrated 
in Fig. 3. The eight local area PDPs were averaged together to 
form a local average PDP at each location. Fig. 4 shows a 
scatter plot of the receiver and transmitter azimuth angles that 
resulted in successful links. The plot shows a concentration in 
the second and fourth quadrants. On the right side of Fig. 4, 
both antennas are pointed at or near the same reflector. The  

 
Figure 1. Overhead image of 38 and 60 GHz  peer-to-peer measurement area 
with transmitter location marked as TX and receiver locations as RX#. 

 
Figure 2. Overhead image of the outdoor cellular measurement area with the 
transmitter on a 5-story rooftop and receiver located on the ground. 

6085

mmWave cellular channel measurement at UT campus*

* T. S. Rappaport, E. Ben-Dor, J. Murdock, Y. Qiao, “38 GHz and 60 GHz angle dependent propagation for cellular & peer-to-
peer wireless communications,” In Proc. of International Conference on Communications (ICC), 2012. 

Tx and Rx beams matching. We can see that radio propagation characteristics can be made more 
favorable by matching the best Tx and Rx beams.

FIGURE 2

Left : Measurement sites in UT Austin campus, Right : Pathloss and RMS delay spread results

Campaign 2: Dense Urban (New York, Manhattan), 28 GHz [14][15]

The second measurements were carried out at 28 GHz bands in Manhattan area. Channel 
bandwidth is 400 MHz, transmission power at amplifier 30 dBm, and horn antenna gain 24.5 
dBi for both transmitter and receiver. Since these measurement environments are dense urban 
whose buildings have bricks and concrete walls, received signals are lower than at UT Austin 
campus. In these measurements, pathloss exponents are 1.68 in LOS and 4.58 in NLOS links, 
for the case of the best Tx and Rx beams matching. 

 AWG-14/INP-60
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LOS region

Many channel characteristics for mmWave cellular are known
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Path loss seems severe in mmWave bands	

3GHz->30GHz gives 20dB extra path loss due to aperture	


Additional losses require large margin in link budgets	

Foliage loss limited the coverage in forests	


Heavy rains may cause several dB loss in a 100 meter-link

Path Loss (1/2)
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mmWave will exploit large arrays to increase aperture

microwave aperture

mmWave aperture

TX
RX

1

Summary of Cellular Millimeter Wave Channels

I. MEASUREMENT RESULTS
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Path Loss (2/2)

MmWave signals more sensitive to blockages 	

Can not penetrate through some materials, e.g. brick walls	


 Isolation of indoor and outdoor networks	


Different path loss laws in LOS and NLOS paths	

LOS transmits more like in free space: path loss exponent 2	


NLOS signals much weaker and susceptible to environments

�6

LOS link NLOS link

Need to incorporate blockage effects in channel model
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Delay Spread

Delay spread is generally smaller than microwave	

Delay spread depends much on scattering environment	


Typical RMS delay is in the order of 10ns- 100ns	


Different characteristics between LOS and NLOS	

With narrow-beam arrays, no delay spread in LOS links	


Delay spread becomes higher in NLOS links, but varies with beam width
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CDF of RMS delay in ns

38 GHz measurements at UT Austin*

* T. S. Rappaport et al, “Millimeter wave Mobile Communications for 5G Cellular: it will work!”, IEEE Access, Vol. 1, pp. 
335-349, May. 2013. 

T. S. Rappaport et al.: Millimeter Wave Mobile Communications

FIGURE 16. CDF of the RMS delay spread of the 38 GHz cellular channel
for all links using all possible pointing angles measured in Austin, Texas
[23].

V. STATISTICAL MODELS FOR RMS DELAY SPREAD
Fig. 13 shows the relationship between RMS delay spread
and TX-RX separation for the 28 GHz New York City
measurements. We note that the maximum value of RMS
delay spread appears to be roughly even up to 170-
m TX-RX separation, and then decreases for distances
greater than 170 m. The delay spread at relatively large
TX-RX separations is caused by multipath, which illustrates
the highly reflective nature of the dense urban environment
in New York City. Yet, when the distance between the TX
and RX is too large (close to or exceeding 200 m), the
path loss is so great that the power of the transmitted sig-
nal declines to zero before reaching the RX, resulting in
fewer or no received multipath. The relationship between
RMS delay spread and TX-RX separation for 38 GHz Austin
measurements is shown in Fig. 14. As seen in Fig. 14,
signals in Austin, Texas could still be acquired for TX-
RX distances greater than 200 m, and the average RMS
delay spread is much lower than that at 28 GHz, thus
indicating the relatively sparse urban environment of the
UT-Austin campus, where there were fewer buildings to cause
obstructions or reflections.

The cumulative distribution function (CDF) of the RMS
delay spread at 28 GHz in New York City is illustrated
in Fig. 15. In LOS cases, the TX and RX antennas were
directly pointed at each other, and very fewmultipath existed,
thus resulting in virtually non-existent RMS delay spread. In
NLOS cases, the majority of measured multipath components
have RMS delay spreads below 200 ns, while some are as
high as 700 ns. As a comparison, the average and maximum
RMS delay spread in NLOS cases obtained from 38 GHz cel-
lular measurements in Austin, Texas are 12.2 ns and 117 ns,
respectively (see Fig. 16), which are much lower than those at
28 GHz, further demonstrating the propagation conditions in
the less cluttered, less dense nature of the urban environment
measured in Austin, Texas.

The variation of RMS delay spread versus path loss in
NLOS for all TX-RX location combinations at 28 GHz in

FIGURE 17. RMS delay spread as a function of path loss over all viable
pointing angles at 28 GHz in New York City. The blue triangles represent
the measured RMS delay spread and the red line denotes a linear fit for
the average RMS delay spread.

FIGURE 18. RMS delay spread as a function of path loss over all viable
pointing angles at 38 GHz in Austin, Texas. The blue triangles represent
the measured RMS delay spread, and the red line denotes a linear fit for
the average RMS delay spread.

NewYork City is displayed in Fig. 17. It is clear from the plot
that RMS delay spread increases with path loss, which is sim-
ilar to the result at 1.9 GHz in [30]. A linear model is adopted
to investigate the relationship between RMS delay spread and
path loss for the 28 GHz measurements in Manhattan, wher
e � denotes the average RMS delay spread in nanoseconds
for a particular value of path loss, and PL is the path loss
in decibels ranging from 109 dB to 168 dB. Combined with
Fig. 6, the path loss and RMS delay spread models can
be utilized to predict outage ranges in microcell mm-wave
communication systems. A similar fit is done in Fig. 18 for
38 GHz measurement data from Austin, wherein the average
RMS delay spread is found to be virtually identical (14 ns)
over the path loss range of 100 dB to 160 dB.

VI. CONCLUSION
Given the worldwide need for cellular spectrum, and the
relatively limited amount of research done on mm-wave
mobile communications, we have conducted extensive prop-
agation measurement campaigns at 28 GHz and 38 GHz to
gain insight on AOA, AOD, RMS delay spread, path loss,
and building penetration and reflection characteristics for

346 VOLUME 1, 2013
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FIGURE 9. Polar plot showing the received power at a NLOS location. This
plot shows an AOA measurement at the RX on Greene and Broadway
from the TX on the five-story Kaufman building (78 m T-R separation). The
polar plot shows the received power in dBm, the number of resolvable
multipath components, the path loss in dB with respect to the 5 m free
space reference, and RMS delay spread with varying RX azimuth
angles [31].

at 22 out of 36 RX azimuth angles. Furthermore, it is obvious
that a wealth of multipath components exist at numerous
different pointing angles, providing great diversity which can
be utilized for beam combining and link improvement in
future 5G systems.

Small scale fading has also been explored by moving
the RX at half-wavelength (5.35 mm) increments along
a small scale linear track of 10 wavelengths (107 mm),
while the TX was fixed at a certain location [32]. Fig. 10
shows the 3D power delay profiles of small scale fading
for the TX-RX angle combination for the strongest received
power. The maximum and minimum received signal pow-
ers were �68 dBm/ns and �74 dBm/ns, respectively, yield-
ing merely ± 3 dB fading variation. This outcome indi-
cates that movements over the small scale track exert little
influence on the AOA or the received power level of multipath
signals.

IV. 38 GHz CELLULAR URBAN PROPAGATION
CAMPAIGN IN AUSTIN
A. 38 GHz BROADBAND CHANNEL SOUNDING
HARDWARE AND MEASUREMENT PROCEDURE
An 800 MHz null-to-null bandwidth spread spectrum sliding
correlator channel sounder was employed in the 38GHz prop-
agation measurement campaign in Austin. The PN sequence
was operating at 400 Mcps and 399.9Mcps at the TX and
RX, respectively, to offer a slide factor of 8000 and adequate
processing gain [33]. The PN sequence was modulated by a
5.4 GHz IF signal, which was input into the upconverter that
contained LO frequency multipliers to generate a carrier fre-
quency of 37.625 GHz with a +22 dBm output power before
the TX antenna. A 25-dBi gain Ka-band vertically polarized

FIGURE 10. Power delay profiles measured over a 10-wavelength linear
track at 28 GHz. The RX was 135 meters away from the TX. The TX and RX
were pointed for maximum signal power. Track step size was half
wavelength using 24.5 dBi horn antennas with beamwidths of 10.9� on
the TX and RX.

horn antenna with 7.8� half-power beamwidth was utilized
at the TX, and an identical antenna (and also a wider beam
13.3-dBi gain (49.4� beamwidth) vertically polarized horn
antenna) were used at the RX. Themaximummeasurable path
loss was about 160 dB [23], [33]–[35].

38 GHz cellular propagations measurements were con-
ducted in Austin, Texas at the University of Texas main
campus [33]. TX locations were placed on four rooftops with
different heights, WRW-A (23 meters), ENS-A (36 meters),
ENS-B (36 meters), and ECJ (8 meters). A total of 43 TX-RX
combinations were measured with up to 12 various antenna
configurations for each measurement location [33]. The RX
was positioned in a number of LOS, partially obstructed LOS,
and NLOS locations representative of an outdoor urban envi-
ronment including foliage, high-rise buildings, and pedestrian
and vehicular traffic. At each receiver location, measurements
were acquired using a circular track with 8 equally spaced
local area measurement points separated by 45� increments.
The radius of the circular track yielded a 10� separation dis-
tance between consecutive points along the circular track. For
LOS links, the TX and RXwere pointed directly at each other
in both azimuth and elevation. The captured PDPs for each
complete track measurement were then averaged and a new
RX location was selected. NLOS conditions were taken over
the circular track and a subsequent 360� azimuth exhaustive
signal search was conducted.

B. 38 GHz OUTDOOR MEASUREMENT RESULTS
AOA measurements were shown to be most common when
the RX azimuth angle was between�20� and +20� about the
boresight of the TX azimuth angle [34]. After examining data
for all RX locations for each corresponding TX, it was shown
that a lower base station height is more likely to have more
links with varying the TX azimuth angle. However, the site
specific location of the RX impacts the observed AOA and
multipath response. Designing for future base stations will
require site specific deployment technologies.

344 VOLUME 1, 2013

Small-Scale Fading

Small-scale fading is minor in mmWave cellular	

One direct multi-path dominant in the LOS links	


Number of multi-path is sparse even in NLOS links	


Fading can be incorporated by a Nakagami random variable

�8

Power delay profiles over a 10-wavelength linear track 	


Measured at 28 GHz in New York City*	


A few dB difference in received power

* T. S. Rappaport et al, “Millimeter wave Mobile Communications for 5G Cellular: it will work!”, IEEE Access, Vol. 1, pp. 
335-349, May. 2013. 
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Angle Spread
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Fig. 4: Distribution of the number of detected clusters at 28
and 73 GHz. The measured distribution is labeled ’Empirical’,
which matches a Poisson distribution (4) well.

accounts for lognormal variations in the per cluster power with
some variance ⇣

2. The final power fractions for the different
clusters are then found by normalizing the values in (6) to
unity, so that the fraction of power in k-th cluster is given by
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The constants r

⌧

and ⇣

2 can then be treated as model param-
eters. Note that the lognormal variations Z

k

in the per cluster
power fractions (8) are distinct from the lognormal variations
in total omnidirectional path loss (2).

For the mmW data, Fig. 5 shows the distribution of the
fraction of power in the weaker cluster in the case when
K = 2 clusters were detected. Also plotted is the theoretical
distribution based on (7) and (8) where the parameters r

⌧

and
⇣

2 were fit via an approximate maximum likelihood method.
Since the measurement data we have does not have the relative
delays of the different clusters we treat the variable U

k

in (7)
as an unknown latent variable, adding to the variation in the
cluster power distributions. The estimated ML parameters are
shown in Table I, with the values in 28 and 73 GHz being
very similar.

We see that the 3GPP model with the ML parameter
selection provides an excellent fit for the observed power
fraction for clusters with more than 10% of the energy. The
model is likely not fitting the very low energy clusters since
our cluster detection is likely unable to find those clusters.
However, for cases where the clusters have significant power,
the model appears accurate. Also, since there were very few
locations where the number of clusters was K � 3, we only

Fig. 5: Distribution of the fraction of power in the weaker
cluster, when K = 2 clusters were detected. Plotted are the
measured distributions and the best fit of the theoretical model
in (7) and (7).

Fig. 6: Distribution of the rms angular spreads in the horizontal
(azimuth) AoA and AoDs. Also plotted is an exponential
distribution with the same empirical mean.

fit the parameters based on the K = 2 case. In the simulations
below, we will assume the model is valid for all K.

c) Angular Dispersion: For each detected cluster, we
measured the root mean-squared (rms) beamspread in the
different angular dimensions. In the angular spread estimation
in each cluster, we excluded power measurements from the
lowest 10% of the total cluster power. This clipping introduces
a small bias in the angular spread estimate. Although these
low power points correspond to valid signals (as described
above, all power measurements were only admitted into the
data set if the signals were received with a minimum power
level), the clipping reduced the sensitivity to misclassifications
of points at the cluster boundaries. The distribution of the
angular spreads at 28 GHz computed in this manner is shown
in Fig. 6. Also plotted is an exponential distribution with the
same empirical mean. We see that the exponential distribution
provides a good fit of the data. Similar distributions were
observed at 73 GHz, although they are not plotted here.
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fit the parameters based on the K = 2 case. In the simulations
below, we will assume the model is valid for all K.

c) Angular Dispersion: For each detected cluster, we
measured the root mean-squared (rms) beamspread in the
different angular dimensions. In the angular spread estimation
in each cluster, we excluded power measurements from the
lowest 10% of the total cluster power. This clipping introduces
a small bias in the angular spread estimate. Although these
low power points correspond to valid signals (as described
above, all power measurements were only admitted into the
data set if the signals were received with a minimum power
level), the clipping reduced the sensitivity to misclassifications
of points at the cluster boundaries. The distribution of the
angular spreads at 28 GHz computed in this manner is shown
in Fig. 6. Also plotted is an exponential distribution with the
same empirical mean. We see that the exponential distribution
provides a good fit of the data. Similar distributions were
observed at 73 GHz, although they are not plotted here.

CDF of angle spread *

Distribution of cluster # *

Angle spread is relatively smaller in mmWave	

Number of incoming rays is small, e.g. 2-3 on average	


Generally concentrated around bore-sight directions	


First statistics model seen in most recent work *

* M. R. Akdeniz et al, “Millimeter wave channel modeling and cellular capacity evaluation”, Dec. 2013. (http://
arxiv.org/abs/1312/3921)

28 GHz measurement at New York City*

2-3 clusters on average

Most angular offset < 40 deg,

More measurements needed for a comprehensive model

http://arxiv.org/abs/1312/3921


Stochastic Channel Model 	

for Incorporating 
Blockage Effects
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Impact of Blockage

Users may connect to a further unblocked base station	


Strong interferers may blocked	


Signal and interference may be either LOS or NLOS

�11

How to model blockage in cellular networks?

Line-of-sight linkReflection

Blockages

nearest BS blocked by buildings

Serving base station

Blocked interfer
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Prior Blockage Model

Log-normal shadowing model	


Assumes i.i.d. shadowing for all links	


Does not capture the distance-dependent feature: longer link, more blockage	


Random walk model [Fra04]	


Model blockages as random point process	


Not characterize the size & shape of blockages
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Model blockages as point processLog-normal shadowing

Propose to model blockages of random shape & size
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Proposed Blockage Model

Use random shape theory to model buildings	


Model random buildings as a rectangular Boolean scheme	


Buildings distributed as PPP with independent sizes & orientations	


Compute the LOS probability based on the building model	


# of blockages on a link is a Poisson random variable	


The LOS probability that no blockage on a link of length R is        

�13

Boolean scheme of rectangles 
K: # of blockages on a link

Randomly located buildings

e��R

LOS: K=0
non-LOS	


K>0

T. Bai and  R. Vaze, and R. W. Heath, Jr., ``Analysis of Blockage Effects in Urban Cellular Networks,'' Submitted to IEEE. Trans. Wireless 
Commun., Aug. 2013

Differentiate LOS and NLOS based on LOS probability

Poisson point 
process (PPP)
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Proposed Path Loss Model
Apply different path loss laws given a path is LOS/ NLOS	


!

!

!

Ignore correlations of shadowing between links	


Parameterize the channel model based on measurements	

Line-of-sight with probability         : average LOS range is 	


!

!

LOS path Loss in dB:	


NLOS path loss in dB:

�14

3

ground-based receivers increases to almost 180�. The smaller
angle spread at the BSs indicates that future mmWave BSs may
benefit from an adaptive array composed of a large number
of antennas with somewhat narrow beamwidths [5]. Because
of the larger angle spread at the receiver, it is suggested in
[4] that a relatively wider beam antenna be deployed at the
mobile station to capture more power.

Measurements have not yet characterized the connection
between array geometry, beamwidth, and angle spread. When
more precise characterizations are available, they should be
incorporated into our path loss model.

III. A STOCHASTIC MODEL FOR INCORPORATING
BLOCKAGE

An important insight from Section II is that the channel
model in a mmWave cellular system should depend on when
the link is obstructed or not. Consequently, we propose a
new stochastic path loss model that is suitable for modeling
mmWave channels in urban areas. Essentially, our proposed
model selects either a LOS or a NLOS path loss model accord-
ing to a distance-dependent probability of blockage, which is
computed based on our prior work on incorporating blockage
in the stochastic geometric analysis of cellular systems [10],
[11]. In this section, we review some key results from [11].
Then we explain the proposed model and discuss how to select
its parameters.

A. Review on Random Blockage Model

In [10], [11], we proposed a stochastic model to characterize
the random blockages due to buildings in urban environments.
The results build on a mathematical framework known as
random shape theory and are derived under several assump-
tions. Buildings are modeled as randomly sized and located
rectangles. The centers of the rectangles form a homogeneous
Poisson point process with density �, the orientations of
rectangles are independent and uniformly distributed in [0, 2⇡],
and the lengths and widths of the buildings are identically and
independently distributed (i.i.d.) random variables. We denote
E[L] and E[W ] as the average length and width of all the
rectangles. We refer to this as the “randomly located building
process.” It is a special case of a Boolean scheme in random
shape theory.

Now suppose that the receiver is located at the origin and
that the transmitter is randomly located at a distance of length
R away. One important question is how many blockages are
there on the link between the transmitter and receiver? A
theorem answering this question was proven in [11].

Theorem 1: Assuming a randomly located building process,
given a link has length R, the number of blockages intersecting
the link is a Poisson random variable with parameter �R,
where � =

2�(E[L]+E[W ])
⇡ .

One direct corollary follows regarding the probability that
there is an unobstructed LOS link.

Corollary 2: The probability that there are no blockages on
a link of length R is e

��R
.

We refer to e

��R as the LOS probability and 1� e

��R as
the NLOS probability. It is important to note that the LOS and

NLOS probability are distance-dependent. Since � > 0, as R

grows large, the LOS probability becomes small. This means
that longer links are likely to be NLOS. For the desired signal
between a BS and the user equipment, this means that there
will be more severe path loss for longer links. It also means
that the signal between interfering BSs (which are typically
even further away) and the user equipment are more likely to
be NLOS. In the simulations, we will see that this leads to
some surprising results.

For the simplicity of the analysis, we assume that the
number of blockages on each link is independent, which we
call as the independent shadowing assumption. As shown in
[11], neglecting the correlations of shadowing between links
introduces with minor errors in the SINR distributions.

B. Proposed Channel Model

Based on the blockage model, we now propose a model
for the received signal power that differentiates between the
LOS and NLOS cases. Let `LOS(R) = CLOSR

�↵LOS denote
the distance-dependent path-loss for the LOS link and let
`NLOS(R) = CNLOSR

�↵NLOS denote the same for the NLOS
link. The path loss exponents for the LOS and NLOS links
are given by ↵LOS and ↵NLOS. The constants CNLOS and
CNLOS are determined by the carrier frequency fc and the
reference distance d0. Typically CNLOS < CLOS because
CNLOS accounts for the power loss when signals reflect on
blockages. In addition, log-normal shadowing variables can be
included in the path loss formulas, to account for the possible
error variance in fitting the measurement data. Next we use
the results from Corollary 2. Let p(R) be a boolean random
variable that is 1 with probability e

��R. Denote I(x) as the
indicator function, which returns a value of 1 when x = 1

and is zero otherwise. We model the path loss at a distance R

away as

`(R) =I(p(R))`LOS(R) + I(1� p(R))`NLOS(R). (1)

Essentially, one of two different path loss models is selected
in response to a “coin flip” to determine if the link is unob-
structed. Note that by the independent shadowing assumption,
each link is independently decided to be LOS or NLOS. We
propose to apply the this channel model to both signal and
interfering links.

C. Parameterizing the Channel Model

Our proposed channel model has several parameters. Now
we discuss how to select the parameters for a given situation.
The LOS and NLOS path loss exponents are usually obtained
from measurements. For example, based on the measurement
in [5], [12], we take ↵LOS = 2, and ↵NLOS = 4 . Note that
the NLOS path loss also depends on the beamwidth of the
antennas. The constants CLOS and CNLOS can be determined
by measurements or calculated directly given fc and d0 [12].
For example, when fc = 28 GHz and d0 = 5 m, we can take
CLOS = �60 dB, and CLOS = �70 dB.

The LOS probability is determined by �. In [11], it is proven
that ⌧ = �E[L]E[W ] is approximately the average fraction of
land covered by blockages. Namely, given a specific area, ⌧

LOS path loss law NLOS path loss law

Bernoulli random variable with distance dependent parameterIndicator function

e��R 1/�

3

ground-based receivers increases to almost 180�. The smaller
angle spread at the BSs indicates that future mmWave BSs may
benefit from an adaptive array composed of a large number
of antennas with somewhat narrow beamwidths [5]. Because
of the larger angle spread at the receiver, it is suggested in
[4] that a relatively wider beam antenna be deployed at the
mobile station to capture more power.

Measurements have not yet characterized the connection
between array geometry, beamwidth, and angle spread. When
more precise characterizations are available, they should be
incorporated into our path loss model.

III. A STOCHASTIC MODEL FOR INCORPORATING
BLOCKAGE

An important insight from Section II is that the channel
model in a mmWave cellular system should depend on when
the link is obstructed or not. Consequently, we propose a
new stochastic path loss model that is suitable for modeling
mmWave channels in urban areas. Essentially, our proposed
model selects either a LOS or a NLOS path loss model accord-
ing to a distance-dependent probability of blockage, which is
computed based on our prior work on incorporating blockage
in the stochastic geometric analysis of cellular systems [10],
[11]. In this section, we review some key results from [11].
Then we explain the proposed model and discuss how to select
its parameters.

A. Review on Random Blockage Model

In [10], [11], we proposed a stochastic model to characterize
the random blockages due to buildings in urban environments.
The results build on a mathematical framework known as
random shape theory and are derived under several assump-
tions. Buildings are modeled as randomly sized and located
rectangles. The centers of the rectangles form a homogeneous
Poisson point process with density �, the orientations of
rectangles are independent and uniformly distributed in [0, 2⇡],
and the lengths and widths of the buildings are identically and
independently distributed (i.i.d.) random variables. We denote
E[L] and E[W ] as the average length and width of all the
rectangles. We refer to this as the “randomly located building
process.” It is a special case of a Boolean scheme in random
shape theory.

Now suppose that the receiver is located at the origin and
that the transmitter is randomly located at a distance of length
R away. One important question is how many blockages are
there on the link between the transmitter and receiver? A
theorem answering this question was proven in [11].

Theorem 1: Assuming a randomly located building process,
given a link has length R, the number of blockages intersecting
the link is a Poisson random variable with parameter �R,
where � =

2�(E[L]+E[W ])
⇡ .

One direct corollary follows regarding the probability that
there is an unobstructed LOS link.

Corollary 2: The probability that there are no blockages on
a link of length R is e

��R
.

We refer to e

��R as the LOS probability and 1� e

��R as
the NLOS probability. It is important to note that the LOS and

NLOS probability are distance-dependent. Since � > 0, as R

grows large, the LOS probability becomes small. This means
that longer links are likely to be NLOS. For the desired signal
between a BS and the user equipment, this means that there
will be more severe path loss for longer links. It also means
that the signal between interfering BSs (which are typically
even further away) and the user equipment are more likely to
be NLOS. In the simulations, we will see that this leads to
some surprising results.

For the simplicity of the analysis, we assume that the
number of blockages on each link is independent, which we
call as the independent shadowing assumption. As shown in
[11], neglecting the correlations of shadowing between links
introduces with minor errors in the SINR distributions.

B. Proposed Channel Model

Based on the blockage model, we now propose a model
for the received signal power that differentiates between the
LOS and NLOS cases. Let `LOS(R) = CLOSR

�↵LOS denote
the distance-dependent path-loss for the LOS link and let
`NLOS(R) = CNLOSR

�↵NLOS denote the same for the NLOS
link. The path loss exponents for the LOS and NLOS links
are given by ↵LOS and ↵NLOS. The constants CNLOS and
CNLOS are determined by the carrier frequency fc and the
reference distance d0. Typically CNLOS < CLOS because
CNLOS accounts for the power loss when signals reflect on
blockages. In addition, log-normal shadowing variables can be
included in the path loss formulas, to account for the possible
error variance in fitting the measurement data. Next we use
the results from Corollary 2. Let p(R) be a boolean random
variable that is 1 with probability e

��R. Denote I(x) as the
indicator function, which returns a value of 1 when x = 1

and is zero otherwise. We model the path loss at a distance R

away as

`(R) =I(p(R))`LOS(R) + I(1� p(R))`NLOS(R). (1)

Essentially, one of two different path loss models is selected
in response to a “coin flip” to determine if the link is unob-
structed. Note that by the independent shadowing assumption,
each link is independently decided to be LOS or NLOS. We
propose to apply the this channel model to both signal and
interfering links.

C. Parameterizing the Channel Model

Our proposed channel model has several parameters. Now
we discuss how to select the parameters for a given situation.
The LOS and NLOS path loss exponents are usually obtained
from measurements. For example, based on the measurement
in [5], [12], we take ↵LOS = 2, and ↵NLOS = 4 . Note that
the NLOS path loss also depends on the beamwidth of the
antennas. The constants CLOS and CNLOS can be determined
by measurements or calculated directly given fc and d0 [12].
For example, when fc = 28 GHz and d0 = 5 m, we can take
CLOS = �60 dB, and CLOS = �70 dB.

The LOS probability is determined by �. In [11], it is proven
that ⌧ = �E[L]E[W ] is approximately the average fraction of
land covered by blockages. Namely, given a specific area, ⌧

PL2 = C +K + 40 logR(m)

PL1 = C + 20 logR(m)

The fraction of land covered by buildings

Average building length and width
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Incorporate mmWave Features
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LOS & non-LOS linksDirectional Beamforming (BF)

Need to include beamforming + blockages in the system model

Need to incorporate directional beamforming	

RX and TX communicate via main lobes to achieve array gain	


Steering directions at interfering BSs are random	


!

Need to distinguish LOS and NLOS paths	

Characterize LOS/ NLOS regions by modeling buildings explicitly	


Apply different characteristics to LOS & NLOS channels
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Stochastic Geometry for Cellular

Stochastic geometry is a tool for analyzing microwave cellular	

Better fit for less regular deployment in dense networks 	


Characterizes the performance of a typical user in the network	


Provides a systemwide performance in large-scale networks
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Poisson Point Processes

Poisson point process (PPP): the simplest point process	

# of points is a Poisson variable with mean λS	


Given N points in certain area, locations independent	


Assigning each point an i.i.d. random variable forms a marked PPP
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Fig. 8. .

Proposed System Model

Distribute base stations as a PPP on the plane	


Model steering directions of arrays as marks of BS PPP	

User and associated BS match directions to exploit maximum gain	


Directions of interfering BSs are randomly distributed	


Apply proposed channel model to differentiate NLOS and LOS
�19
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Calculating SINR

Use proposed channel model to compute path loss	


Assume uniformly distributed angles     and     in interf. links	


Incorporate TX and RX directional beamforming by	


Use Nakagami random variable     to model small-scale fading	


Associate the typical user with the BS with smallest path loss

�20
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approximately equals the ratio of the area inside buildings to
the total area of the region. This provides a way to estimate
� and � based on the actual distribution of blockages. For
example, the fraction of land covered by blockages in an area
can be roughly estimated using Google maps by dividing the
approximate sum area of all the buildings divided by the total
area covered. Using this approach, we estimate � ⇡ 0.006

for The University of Texas at Austin campus where the
measurements in [5] were made.

IV. SYSTEM-LEVEL PERFORMANCE EVALUATION

In this section, we apply the proposed mmWave channel
model to evaluate downlink mmWave network performance.
We establish the system model under the following assump-
tions.

Assumption 3 (PPP BS): The BSs form a homogeneous
Poisson point process (PPP) � on the plane. Let Rc be the
average radius of a typical cell. Assume all BSs have a
constant transmit power Pt. Without loss of generality, we
investigate the downlink performance experienced by a typical
mobile user located at the origin.

Assumption 4 (Directional beamforming): Antenna arrays
are deployed at both BSs and mobile stations. Let Nt and
Nr be the number of antennas at the BSs and mobile stations,
respectively. Both BSs and mobile stations use beam steering
techniques to exploit the array gain. Denote the combined
array gain of the k-th link as G(✓k, k), where ✓k and  k are
the steering directions of the BS antenna and receiver antenna,
respectively. The gain function G(✓k, k) also depends on Nt,
Nr, and the structure of antenna arrays. For ease of notational
convenience, we denote the maximum array gain as G(0, 0).

Assumption 5 (User association): The typical user at the
origin connects to the BS that provides the strongest signal
when ignoring beamforming gain and possible fading. The
serving BS and the typical mobile station communicate by
matching the steering directions of antennas to achieve the
maximum array gains. Errors in angle estimation are ne-
glected. Thus the array gain in the desired signal term is
G(0, 0). For an interfering link, the steering antennas  k and
✓k are i.i.d. uniformly distributed in (0, 2⇡] leading to a gain
of G( k, ✓k).

Assumption 6 (Path loss model): We use the path loss
model proposed in Section III-B.

Assumption 7 (Small-scale fading): We neglect fading in
the desired signal term. We assume a Nakagami random
variable hk to account for the small-scale fading in the k-th
interfering link.

We denote the thermal noise power as �2, and the downlink
noise factor as F . Based on the above assumptions, the SINR
of a link in a mmWave cellular network can be expressed as

SINR =

PtG(0, 0)`(r0)

F�

2
+

P
k>0 hkPtG(✓k, k)`(rk)

, (2)

where `(r0) = maxk>0 `(rk), rk is the distance from k-th BS
to the origin, hk represents the small-scale fading.

We define the SINR coverage probability Pc(T ) in a
mmWave network as the probability that the received SINR

TABLE I
TYPICAL PARAMETER

Transmit power 30 dBm
Noise power �2 = �87 dBm, F=5 dB
Beamforming Uniform linear array: Nt = 64, Nr = 8

Blockage model � = 0.006
LOS path loss ↵LOS = 2, CLOS = �60 dB

NLOS path loss ↵NLOS = 4, CNLOS = �70 dB
NLOS small-scale fading Nakagami fading of parameter 3

at the typical user large than some threshold T > 0, i.e.
Pc(T ) = P[SINR > T ]. The achievable rate can be derived
from the coverage probability [7]. Based on (2), we can sim-
ulate system-level performance in mmWave cellular networks
in terms of coverage probability and achievable rate.

V. SIMULATION RESULTS

The downlink performance of mmWave networks operating
at 28 GHz is simulated and compared with that of microwave
networks in this section. For illustration purpose, we fit the
system parameters to match the measurement results in [5].
The typical parameters are shown in Table I, except that a
uniform linear array is used instead of a fixed beamwidth
antenna.

First, we compare the coverage probability using the pro-
posed channel model with simulations that do not distinguish
between LOS and NLOS links, and apply LOS (or NLOS) path
loss model (with log-normal shadowing) to the entire network.
As shown in Fig. 1, the all-NLOS simulations generally pro-
vide a worst case evaluation of the system performance. This
indicates that the result in [15] is a lower bound of the actual
system performance. The all-LOS simulations do not always
have better performance than the proposed model, which
incorporates both LOS and NLOS links in a network. The
reason is that by assuming all links are LOS, the interference
power is overestimated, thus lead to an underestimation of the
SINR distribution for some threshold. We also compare with
the path loss model proposed in [17], which applied an addi-
tional distance-dependent exponential decay term to account
for blockage effects in microwave systems. To make a fair
comparison, we change the multiplicative factor proposed in
[17] to take account the power loss difference due to different
carrier frequencies. Simulations show that the path loss model
proposed by [17] provides a upper bound of the coverage
probability. One possible reason is that the results in [17] are
based on measurements in microwave bands, in which omni-
directional antennas were used. Thus it may underestimate the
path loss in mmWave case, where only a small fraction of
the total power can be captured using directional antennas. In
conclusion, the notable gaps between curves using different
path loss model indicate that it is essential to incorporate
blockage effects, i.e. to differentiate between LOS and NLOS
cases in the analysis.

Next, we compare the coverage probability with different
BS densities. Fig. 2 shows that increasing the BS density will
generally improve the coverage probability. This is because
having more BSs leads to more frequent LOS transmission
opportunities. While increase BS density also increases the
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`(r)Tianyang Bai and  R. W. Heath, Jr., ``Coverage in Dense Millimeter Wave Cellular Networks ,'' to appear in the Proc. of 
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!
Tianyang Bai and  R. W. Heath, Jr., ``Coverage Analysis for Millimeter Wave Cellular Networks with Blockage Effects,'' to 
appear in the Proc. of the IEEE Global Signal and Information Processing Conference, Austin, TX, Dec. 3-5, 2013. 
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Parameters for Simulation
System parameters	


Carrier frequency: 28 GHz	


Transmitter power: 30 dBm	


Signal bandwidth: 500 MHz	


Noise power: -87 dBm, and noise Figure: 5 dB	


Fading: Nakagami fading of parameter 3 in NLOS links	


Blockage parameters fitted to UT Austin campus	

LOS range is approximately 150 meters	


LOS path loss is 2, and NLOS path loss is 4	


Using ULA for directional beamforming at RX and TX	

Half-wavelength spacing	


Network configurationHalf-wavelength spacing	

BSs as a PPP with average cell radius Rc
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Fig. 1. Comparison of coverage probability using the proposed model with
those using all-LOS and all-NLOS models. The average radius is 150 m. The
parameters for log-normal shadowing in the all-LOS and all-NLOS model are
10.3 dB and 14.6 dB, respectively [5]. The beamwidth of the BS antennas
is 2�, while the beamwidth of the mobile station arrays is 13�.

number of interferers, the use of directional antennas to com-
bat the high path loss means that mmWave systems typically
operate in a nearly noise-limited region [1], [15]. Further,
because of our channel model in (1), interferers that are
further away are more likely to experience the less favorable
NLOS channel. Our simulations show that with this choice of
parameters and an average radius of around 150 m, mmWave
networks can provide acceptable coverage, which matches
outage measurement in [5].
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Fig. 2. Coverage probability with different BS densities. Note that microwave
networks are mostly interference-limited, thus the microwave performance is
invariant with BS density.

Lastly, we compare the achievable rate of mmWave net-
works with the rate of microwave networks. The details of
microwave rate simulations can be found in [18]. In the simu-
lation, we assume Rc = 150 m in the mmWave network, and
both systems can support at best 64-QAM modulation. Results
in Table II show that dense mmWave networks outperform
microwave networks in terms of achievable rate, for the signal
bandwidth is much larger in mmWave networks.

VI. CONCLUSIONS

In this paper, we proposed a mmWave path loss model to
incorporate the blockage effects in urban cellular networks.
Using the proposed channel model, we evaluated the downlink

TABLE II
COMPARISON OF ACHIEVABLE RATE

mmWave MIMO 4⇥ 4 microwave
Spectrum efficiency (bps/Hz) 5.48 4.48

Signal bandwith (MHz) 500 50
Achievable rate (Mpbs) 2740 224

performance of mmWave cellular network. Simulation results
show that the coverage probability of mmWave networks
can be comparable to that of microwave cellular networks
when there is directional beamforming and the network is
sufficiently dense. The comparable coverage probability trans-
lates into a comparable spectrum efficiency, which leads to a
superior gain in cell throughput compared with microwave
systems due to the large amount of available spectrum at
mmWave band.
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Different Path Loss Model

Coverage probability differs in LOS and non-LOS region	

Need to incorporate blockage model & differentiate LOS and NLOS	


NLOS coverage probability generally provides a lower bound	


Buildings may improve coverage by blocking more interference
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Gain from blocking 
more interference

pure LOS (no buildings)

pure NLOS

proposed model
Tx BF: ULA 64 antennas	

Tx beamwidth: 2 degree	

Rx BF: ULA 8 antennas	

Rx beamwidth: 13 degree	

Rc=100 m	

LOS range:       =150 m1/�
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Fig. 1. Comparison of coverage probability using the proposed model with
those using all-LOS and all-NLOS models. The average radius is 150 m. The
parameters for log-normal shadowing in the all-LOS and all-NLOS model are
10.3 dB and 14.6 dB, respectively [5]. The beamwidth of the BS antennas
is 2�, while the beamwidth of the mobile station arrays is 13�.

number of interferers, the use of directional antennas to com-
bat the high path loss means that mmWave systems typically
operate in a nearly noise-limited region [1], [15]. Further,
because of our channel model in (1), interferers that are
further away are more likely to experience the less favorable
NLOS channel. Our simulations show that with this choice of
parameters and an average radius of around 150 m, mmWave
networks can provide acceptable coverage, which matches
outage measurement in [5].
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Microwave: SU MIMO 4X4
mmWave: Rc=100 m

mmWave: Rc=150 m

mmWave: Rc=200 m

mmWave: Rc=300 m

Fig. 2. Coverage probability with different BS densities. Note that microwave
networks are mostly interference-limited, thus the microwave performance is
invariant with BS density.

Lastly, we compare the achievable rate of mmWave net-
works with the rate of microwave networks. The details of
microwave rate simulations can be found in [18]. In the simu-
lation, we assume Rc = 150 m in the mmWave network, and
both systems can support at best 64-QAM modulation. Results
in Table II show that dense mmWave networks outperform
microwave networks in terms of achievable rate, for the signal
bandwidth is much larger in mmWave networks.

VI. CONCLUSIONS

In this paper, we proposed a mmWave path loss model to
incorporate the blockage effects in urban cellular networks.
Using the proposed channel model, we evaluated the downlink

TABLE II
COMPARISON OF ACHIEVABLE RATE

mmWave MIMO 4⇥ 4 microwave
Spectrum efficiency (bps/Hz) 5.48 4.48

Signal bandwith (MHz) 500 50
Achievable rate (Mpbs) 2740 224

performance of mmWave cellular network. Simulation results
show that the coverage probability of mmWave networks
can be comparable to that of microwave cellular networks
when there is directional beamforming and the network is
sufficiently dense. The comparable coverage probability trans-
lates into a comparable spectrum efficiency, which leads to a
superior gain in cell throughput compared with microwave
systems due to the large amount of available spectrum at
mmWave band.
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Different BS density

Coverage probability depends on base station density	

Dense network generally provides good coverage	


Can achieve even better coverage than microwave networks
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Tx BF: ULA 64 antennas	

Tx beamwidth: 2 degree	

Rx BF: ULA 8 antennas	

Rx beamwidth: 13 degree	


Increase BS density improve coverage

Gain over microwave
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Given coverage probability, the achievable rate is	


!
!
Microwave network 4X4 SU MIMO with bandwidth 50MHz: 	


Spectrum efficiency is 4.48 bps/ Hz	


Data rate is 224 Mbps (Rc=500 m)	


mmWave network with bandwidth 500MHz:

Data Rate Comparison

�25

100m 200m

64 2.74 Gbps 1.61 Gbps

100 2.91Gbps 1.88 Gbps

Rc

Average rate is a function of density

# of antennas in TX arrays

Average cell radiusM

clipped by 6 bps/Hz (64QAM)

1

Simulations
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Fig. 1. Optimal BS density with different LOS path loss exponent n.

When the LOS path loss exponent increase from 1.5 to 3, the optimal cell size decreases,

i.e. the optimal BS density increases. Intuitively, with smaller LOS path loss exponent, users

can receive strong signals in a larger range; in the meanwhile, the LOS inter-cell interference

become stronger with smaller n, which requires more contention space between BSs, i.e. a larger

cell size, to achieve the optimal coverage.

C = log2(1 + min(SINR, 40dB))

!
Tx BF: ULA with M antennas	

Rx BF: ULA 8 antennas	

Rx beamwidth: 13 degree	

     =150 m1/�
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Going Forward with mmWave

A mmWave path loss model proposed for system evaluation	

Incorporate blockage effects by differentiating LOS and NLOS path loss	


Interference is reduced by directional antennas and blockages	


Good rates and coverage can be achieved when network is dense	


!

Theoretical challenges abound	

Analog beamforming algorithms & hybrid beamforming	


Channel estimation, exploiting sparsity, incorporating robustness	


Multi-user beamforming algorithms and analysis	


Microwave-overlaid mmWave system a.k.a. phantom cells	


Going away from cells to a more ad hoc configuration
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Questions?
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Shipping in the end of April (sorry 
for gratuitous self promotion)


