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Outline

§ Introduction on mmWaves

§ PSC requirements and challenges above 6 GHz

§ End-to-end mmWave simulations

§ Algorithms and architectures for low-latency 
and reliable mmWave operations

§ Conclusions
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§Potentials
§Bandwidth
§Large arrays 

in small space

§Challenges
§High propagation loss
§Directionality
§Blockage

Unleashing the 3-300GHz Spectrum

With a reasonable assumption that about 40% of the spectrum in the 
mmW bands can be made available over time, we open the door for 
possible 100GHz new spectrum for mobile broadband 

• More than 200 times the spectrum currently allocated for this purpose below 3GHz. 

16Copyright © 2011 by the authors.  All rights reserved.

3GPP NR: mmWaves in cellular networks

3GPP NR Rel. 15 will support frequencies up to 52.6 GHz
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Z. Pi and F. Khan, "An introduction to millimeter-wave mobile broadband systems," 
in IEEE Communications Magazine, vol. 49, no. 6, pp. 101-107, June 2011.
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mmWave limitations – propagation loss

Challenges: 
§ Maintain alignment in dynamic scenarios [4]

§ Autonomous network discovery & reconfiguration [5]
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Need to use directional transmission

Impact on PHY and MAC layer procedures
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mmWave limitations – blockage

Challenges: 
§ How to get around obstacles
§ Avoid losing connectivity
§ Transport layer performance 

[6,7]
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Fast variations of the channel quality
IEEE ACCESS 10

Fig. 11: (a) Statistical channel model overlaid with real blockage measurements; (b) Real measurements overlaid with ray-tracing [36]; (c)
3GPP channel model and performance of different beamforming strategies [61].
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channel states. In general, this will have a low-rank structure
over time due to the spatial sparsity of the channel. Indeed,
our preliminary experiments in the phased array system have
shown that even complex channel scenarios may only have
2 or 3 dominant paths. Therefore, the statistical modeling
of the channel data collected with the studies described in
Subsection V-A can be used to develop computationally simple
low-rank models that approximate the end-to-end phased array
system well. This approximation will offer high accuracy even
in high mobility public safety use cases, while simplifying the
channel state processing by at least an order of magnitude.

Distributed computation: Current multi-core ns–3 models
have focused on custom Message Passing Interface (MPI)
clusters which require extensive building and maintenance
[80], [81]. This characteristic may limit the size of the
scenarios that can be simulated by a single ns–3 instance.
Further scaling, however, can be achieved by empowering the
simulation platform with a distributed computation feature, in
order to enable its deployment onto open-source large cluster
platforms, such as Amazon Web Services (AWS) [82], which
make it possible to increase the number of running instances
of the simulator based on the size of the scenario to be studied.
This objective should be achieved by maintaining as much as
possible the backward compatibility, in order to guarantee the
possibility of reusing the existing modules. While there is a
rich literature on parallel and distributed simulations [83], [84],
the performance gain of a parallel approach in the wireless
domain largely depends on the specific network simulated,
in terms of architecture, interconnections between nodes and
protocols deployed. Indeed, the main factor that allows par-
allelization of wireless simulations in a conservative way is
the lookahead time, i.e., the interval in which a processor can
ignore the computations and the events of the other processors
in a safe way before synchronizing again. For example, if the
simulation domain is split into multiple loosely interacting
clusters, then the lookahead time would be the propagation

time of the links connecting the different clusters. The logic
to define the clusters and interconnect them automatically
so that there is an actual gain given by the parallelization
is an open research issue. Another option is the optimistic
parallel simulation approach, in which the different processors
are allowed to proceed independently, and, if there is an
inconsistency in time between the processors, the simulation
events can be rolled back until the consistency is restored.
While this approach is more general than those based on
lookahead, its applicability to ns–3 is still limited and in its
infancy [85].

Public safety channels and mesh networks integration:
To run realistic network performance evaluations of PSC
over mmWave bands, the simulator should be able to use
real channel traces (e.g., obtained with the channel sounder
presented in Subsection V-A). Further, using the link-layer
SDR and emulator developed in Subsections V-B and V-C,
it may be possible to obtain realistic simulations based on
a lightweight link abstraction model for key physical layer
procedures such as beam tracking, synchronization, control
signaling and code performance. Finally, a multi-hop/relaying
feature can be introduced in our simulator to enable a fea-
sibility study related to mmWave aerial mesh networks. In
this case, the goal is to study the optimal way to provide
robust connectivity to areas affected by fire or any other natural
disaster.

VI. CONCLUSIONS

Every day, countless numbers of public safety personnel –
firefighters, police, and medics – enter the most dangerous
scenarios for the protection of the public. Communication
technology is vital to their service. The mmWave bands offer
the potential to provide a powerful communication system to
assist these first responders in the trying and often dangerous
settings they enter.

However, developing reliable PSC systems in the mmWave
bands faces significant technical challenges. At root, the
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PSC and mmWave

§Real-time high quality video from incident to command 
station

§AR/VR content to first responders
§Different kind of sensors (e.g., LIDAR) in different vehicles
§Low latency communications
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Tracy McElvaney, “5G: From a Public 
Safety Perspective,” 2015 

Increase the connectivity of first responders
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End-to-end research platform 
for PSC over mmWave [1,2]

• Measure dynamic directional channels in Public Safety (PS) scenarios.
• Prototyping new ultra-low latency MAC and synchronization algorithms 

likely to be used in the PS links.
• Provide the first scalable real-time emulation of complex mmWave

channels in PS settings.
• Development and integration of PS specific scenarios in end-to-end 

mmWave network simulator.m
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PSC requirements
§ Support to command and control hierarchy
§ Interactive/non interactive
§ Data and voice transmissions
§ Resilient and robust networks

§ Low latency
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SAFECOM, US communications program of the Department of Homeland Security, “Public Safety
Statements of Requirements for Communications and Interoperability Vols. I and II.” 

How can mmWaves meet these demands?
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mmWave challenges in PSC use cases
§Aerial/UAV and vehicular communication

§ Lack of measurements at mmWave frequencies

§ Need sophisticated tracking

§Ad-hoc and resilient deployments
§ Frequent link adaptation/handovers

§ High capacity backhaul for ad-hoc deployments

§ Suboptimal end-to-end performance

§Machine-type communications
§ Still unexplored
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Contributions
§ Development of end-to-end ns-3 mmWave

simulator

§ Analysis of requirements and performance in 
wildfire scenario

§ Architectures and algorithms for enhanced 
performance in PSC scenarios
§ Low latency end-to-end communications

§ Mobility management schemes in challenging 
scenarios

§ Integrated access and backhaul architectures
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§ Built on top of ns-3 – popular open source network 
simulator – and the LTE LENA module

§ Available in the new ns-3 App Store
§ End-to-end performance analysis [3]
§ Multiple scenarios (cellular, public safety, vehicular)
§ Realistic channel model implementation (3GPP)
§ Custom PHY/MAC
§ Mobility with

dual connectivity
§ Full TCP/IP stack
§ Application layer

PHY
MAC
RLC

Tunneling

PDCP
RRC

PHY
MAC
RLC

TCP/IP
APP

PDCP
RRC

UE
Base station CN function

PGW/SGW

MME

Base station

TCP/IP
APP

Remote Server

CHANNEL MODEL

BEAMFORMING

ns-3 mmWave module
m
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Recent ns-3 mmWave extensions
§ Mobility and RAN features [8,9]

§ Implementation of Carrier Aggregation
§ Integration with Dual Connectivity 

§ Integrated Access and Backhaul [10, 11]

§ Channel modeling [12, 13]
§ Sectorized and multi panel 3GPP model

§ Application layer [14]
§ End-to-end performance evaluation with real video traces
§ Realistic app-layer evaluation of QoE metrics
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2 Congestion Control (CC), B = 500MHz, f0 = 39.75 GHz, f1 = 40.25 GHz
2 CC, B = 500MHz, f0 = 39.75 GHz, f1 = 40.25 GHz in blockage
1 CC, B = 1 GHz, f0 = 40 GHz
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(a) Contiguous allocation: 2 carriers with a bandwidth of 500 MHz each, at 39.75
and 40.25 GHz, the second with and without blockage, or 1 carrier with a band-
width of 1 GHz at 40 GHz with and without blockage.
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2 CC, B = 500MHz, f0 = 32.5 GHz, f1 = 73 GHz in blockage
1 CC, B = 1 GHz, f0 = 73 GHz
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(b) Non contiguous allocation: 2 carriers with a bandwidth of 500 MHz each,
at 32.5 and 73 GHz, the second with and without blockage, or 1 carrier with a
bandwidth of 1 GHz at 73 GHz with and without blockage.

Figure 6: Throughput at the RLC layer for di�erent con�gurations of the carrier aggregation in the mmwave-ca-same-bandwidth.cc example.
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Figure 7: Comparison (in the mmwave-ca-diff-bandwidth.cc example) among
di�erent bandwidth splits for the two CCs, i.e., for RCC = BCC1/BCC0 2
[0.5, 0.25, 0.125], with a constant total bandwidth B = BCC0 + BCC1 = 1 GHz
in the 39.5 � 40.5 GHz spectrum.

non-contiguous one in Fig. 6b. In the �rst con�guration, the spec-
trum band of the scenarios with and without CA is the same (from
39.5 to 40.5 GHz), therefore the pathloss and fading parameters are
similar. In the non-contiguous one, instead, one of the CCs or the
only carrier if CA is not used are at 73 GHz. It can be seen that
the CA manages to make up for the throughput loss given by the
higher pathloss at 73 GHz, and that the gap between the scenarios
with and without CA is larger in the non-contiguous con�guration
than in the contiguous. Finally, especially in the contiguous deploy-
ment scenario, the CA throughput is similar when the secondary
CC is in blockage or not, corroborating the performance gain that
can be achieved with a more agile resource allocation and channel
adaptation mechanism.

The second example, instead, uses the bandwidth-aware sched-
uler, and compares the performance of di�erent ratios RCC =
BCC1/BCC0 2 [0.5, 0.25, 0.125] between the bandwidth allocated
to the di�erent carrier components CC0 and CC1. The CA deploy-
ment is in a contiguous spectrum band around the 40 GHz carrier.
The user is randomly placed at a distance d 2 U[0, 150] m and
moves in the scenario with a random walk mobility model. Fig. 7
reports the downlink MAC-layer throughput of each carrier and

the downlink RLC throughput. It can be seen that the performance
worsen as the ratio RCC decreases, and one of the two carriers oc-
cupies a much larger bandwidth than the other. For the secondary
CC, whose bandwidth decreases with RCC, the ratio between the
throughput and the allocated bandwidth remains constant, while,
for the primary, whose bandwidth increases with RCC, the same
ratio decreases. A con�guration with a small RCC is indeed similar
to a con�guration without CA for the primary CC, and does not
provide the same channel adaptation capabilities as a con�guration
with a more even split of the bandwidth between the two CCs.
6 CONCLUSIONS
In this paper, we presented the �rst implementation of carrier ag-
gregation for the ns-3 mmWave module, and the integration of CA
with the LTE-NR dual connectivity feature. Multi connectivity is
an important feature in mmWave cellular networks, since it helps
increase the reliability of the mmWave link by providing macro
diversity (i.e., the possibility of using multiple mmWave links with
di�erent frequencies and spatial characteristics) and a ready fall-
back to legacy networks at sub-6 GHz features. Therefore, modeling
both CA and DC in the ns-3 mmWave module is an important con-
tribution to the module, that makes it possible to simulate more
complex, advanced and realistic scenarios6.

After an overview on themulti connectivity options formmWave
in the literature and in the 3GPP or IETF speci�cations, we described
the implementation of CA, focusing on the �exibility of the con-
�guration of the parameters in the di�erent carriers and on the
implementation of a bandwidth-aware carrier manager. Then, we
illustrated the DC implementation, with additional details on the
integration with CA. Finally, we provided some examples and pre-
liminary results for CA at mmWave frequencies, showing how CA
improves the throughput of the network even if the same total
bandwidth is considered, given the higher e�ciency in performing
the per-carrier scheduling and the macro diversity.

As future work, we plan to investigate additional CC manager
policies, which could bene�t fromPHY-MAC cross-layer approaches,
6The code of the DC-CA implementation can be found at https://github.com/
nyuwireless-unipd/ns3-mmwave/tree/ca-dc-integration
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(a) Average user throughput and latency for different configurations of the UE panels
and gNB sectors, for distance d = 100 m and NUE = 25 users. The 3GPP channel
is either UMi or UMa.
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(b) CDF of the user UDP throughput for a configuration with 2 or 3 panels at the UE,
different gNB sectors, UMa 3GPP channel configurations, and 25 UEs.

Fig. 5: Comparison of the setup with 2 or 3 panels at the UE.

average latency decreases. This is due to a combination of
two factors. First, with more sectors it is possible to limit the
angular coverage area of each sector, thus beams with a better
shape and a higher gain are selected. Second, the interference
decreases, since the usage of a multi-sector deployment limits
the back and side lobes that generate undesired interference.
The end result is an increase in the SINR, which translates
into higher throughput and lower latency, given that fewer
retransmissions are needed and less buffering occurs. Notice
that, on average, the throughput gain is less remarkable than
the latency reduction. This is due to the fact that the source
rate is limited to RUE = 100 Mbit/s, and most of the users
experience an average good channel condition and can reach
this throughput. The improvement is more relevant for the
worst users, i.e., those who generally need a larger number
of retransmissions, as we will show in the next paragraphs.
Finally, we highlight that increasing the number of sectors
has a cost related to the gNB hardware.

The second observation is that the UMi channel condition
yields higher throughput and lower latency than UMa. The
latter, indeed, generates a larger amount of interference across
neighboring cells, thus decreasing the SINR. The UMi sce-
nario, instead, models a street canyon deployment, thus the
inter-cell interference is much more limited.

C. Impact of multiple panels at the UEs

We have shown in the previous result how the multi-sector
gNB deployment improves the link budget performance thanks
to the possibility to better control the design of both desired
and undesired beams. In this section, we consider different
values for the number of panels at the UE. As reported
in Tab. I, the 3GPP suggests the use of 2 panels for each
UE. However, given the importance of handset design in 5G
mmWave networks [20], [21], we evaluate the end-to-end
performance by also configuring two different numbers of
panels (i.e., 2 or 3) at the UE. The results are reported in
Fig. 5a.

Similar to the multi-sector deployment, the performance im-
proves when installing 3 instead of 2 panels at the UEs, for the
throughput but more remarkably for the latency. In particular,
for the UMi configuration with 3 panels and 4 sectors, it is
possible to nearly reach (on average) the maximum throughput
RUE without increasing the latency, which has the smallest
value with this configuration (i.e., 20.83 ms).

Furthermore, as mentioned in the previous section, the per-
formance improvement can mostly be seen for the worst UEs.
Therefore, in Fig. 5b we report the Cumulative Distribution
Function (CDF) of the throughput for the configuration with
2 or 3 panels at the UE and varying the number of gNB sectors,
for the UMa 3GPP channel configuration. The plot shows that,
indeed, almost 70% of the users reach the saturation point (i.e.,
maximum achievable throughput). Moreover, when comparing
2 or 3 panels at the UEs, i.e., the dashed and the solid lines (of
the same color), it can be seen that there is an improvement of
up to 16 Mbit/s for the 10th percentile. In addition, the gain
given by the larger number of panels is generally higher than
that given by increasing the number of sectors.

However, even if the use of 3 panels at the UE node
results in an improvement of the performance, from a practical
implementation point of view, the design of a UE with these
many panels must be studied carefully, since it may not be
easy to physically place all the panels in the handset. Some
preliminary designs and considerations are given in [20], [21].

D. Comparison with the isotropic antenna array

In the plot of Fig. 6 we compare the average user throughput
and latency for the scenario with a multi-sector, multi-panel
3GPP configuration against that with a single sector isotropic
antenna elements. In the first, the beamforming vectors are
computed as described in Sec. II, while the latter uses the
optimal beamformers given by the eigenvector of the largest
eigenvalue of the channel matrix [12], [22]. This last approach,
which we consider as baseline, represents the default setting
for antenna radiation and beamforming in the ns-3 mmWave
module.
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Example: wildfire scenario [1,2]

§Current operations
§ Physically transfer video on SD card – use low rate links (3G/4G)

§ Ideally
§ Use multiple high-resolution lenses for photos and videos / 360 

video
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Incident	Command	StationWildfire	Area

Real	time	
monitoring

Tactical
decisions

Feedback

Suggested by the 
Robotic
Emergency 
Deployment 
team - Austin 
Fire Department
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Performance evaluation
§Gauss-Markov UAV mobility 

§1.6 to 2.4 km IC – UAV distance
§Channel model with 
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mmWave for Future Public Safety Communications I-TENDER’17, December 12, 2017, Incheon, Republic of Korea

scenario are related to directionality and blockage. The �rst is needed
to provide a high Signal to Noise Ratio (SNR), which translates into
higher data rates, and is enabled by narrow beams, which can be
created using very high-dimensional arrays. Thanks to the small
wavelength of mmWave signals, it is possible to pack a large number
of antennas in arrays of limited size. For example, at 28 GHz the
wavelength � is approximately 1.07 cm, thus a rectangular array
with 16 antennas (4 by 4) spaced by �/2 eachwould be smaller than 5
cm by 5 cm,making it practical for the deployment on an Unmanned
Aerial Vehicle (UAV). However, the transmitter and receiver have
to discover and track the beam direction while moving, trying to
maintain communication despite possible blocking obstacles which
may disrupt the link or change the optimal beamforming vectors
at the transmitter and the receiver.

The PSC scenario makes the need to support directionality and
overcome blockage even more challenging, mainly because of the
high mobility. In disaster and emergency scenarios, the presence of
obstacles can lead to much more sudden variations in the received
signal quality. In environments with manned or unmanned vehi-
cles (e.g., UAVs) or with emergency responders operating within
buildings, the channel dynamics are likely to be even faster [32].
Therefore, a key aspect of PSC at mmWave frequencies is the need
to quickly identify the available nodes of the network (which may
be even intermittently available) and the suitable beams for commu-
nication in highly dynamic scenarios. Even though beam tracking
and beam alignment protocols for mmWave communication have
been recently studied in a cellular context [10, 17], how to bring
such techniques into the PSC scenarios is still to be investigated.
Moreover, the scenarios in which PSCs are needed generally cover
wider areas than the typical cell size in cellular networks, thus
another challenge is related to the design of �exible and ad hoc
network deployments that can cover kilometers-wide spaces with
mmWaves.

4 WILDFIRE - A USE CASE OF MMWAVE PSC
Despite the challenges described in Sec. 3 and in Table 1, mmWave
frequencies hold great potential for PSC scenarios. To show both
the issues and the promises of mmWave PSC networks, we present
in this section a possible use case with a real emergency situation
inspired by the experience of the Robotic Emergency Deployment
department at the Austin Fire Department.

In particular, we focus on the needs of a communication system
that coordinates and monitors the remote operations and enables
strategic decisions in a wild�re scenario. In this situation, the main
use is to safely monitor the wild�re in order to (i) understand its
shape and extension and (ii) check if there are people that may
be a�ected by the �re. Currently, a �re�ghter in proximity of the
emergency area operates the UAV and records the scene on a secure
digital (SD) card. Ideally, this video should be available to the re-
mote IC station, but without a �xed network infrastructure the SD
should be physically transferred to the command post. Therefore
the information is usually accessed in the area close to the wild�re.

This limitation explainswhy public safety communicationswould
bene�t from more advanced wireless technologies, which can en-
able real-time ultra-low latency exchange of monitoring informa-
tion among remote UAVs and the IC. This data can include 360�

Incident	Command	StationWildfire	Area

Real	time	
monitoring

Tactical
decisions

Feedback

Figure 1: Wild�re scenario. The UAV monitors the wild�re
and sends data to the IC station. It may stream a 360� video,
or the �ows of multiple cameras and lenses, as well as in-
formation from a plethora of sensors. The IC station makes
strategic decisions using the data transmitted by the UAV,
and provides feedback to the �rst responders which operate
close to the wild�re [22].

Parameter Value

mmWave carrier frequency fc 28 GHz
mmWave bandwidth 1 GHz
mmWave max PHY rate 3.2 Gbit/s
Beamforming vector update period 5 ms
Antenna combinations A = NeNB ⇥ NUE {16 ⇥ 4, 64 ⇥ 4,

64 ⇥ 16, 256 ⇥ 16}
Video source rate R {1, 100, 1000} Mbit/s
Transport protocol UDP
Max UAV speed � 30 m/s
Wild�re - IC distance {1.6, 2.4} km
UAV height 30 m

Table 2: Simulation parameters

videos for an immersive point of view of the scenario, which can
be watched with VR headsets at the IC station, and video or images
from multiple high-resolution lenses that can provide a better view
of critical details, like humans in danger in the wild�re.

The performance of mmWave PSC for aerial communications in
this use case is assessed using the simulation framework described
in [7, 23]. The reference scenario is shown in Fig. 1. The system
performance will be evaluated as a function of a number of pa-
rameters, such as the number of antennas both at the IC station
and on the UAV, beamforming techniques, data rates, and other pa-
rameters, as shown in Table 2. The simulation results are obtained
with a Monte Carlo approach, averaging the metrics of interest
over multiple independent realizations of the simulations. This is
a preliminary evaluation of the feasibility of a mmWave solution
for PSC, in a particular scenario, given di�erent beamforming and
antenna con�gurations, and additional evaluations in a wider range
of scenarios with additional optimizations will be part of our future
work.

The wild�re is located in an area which is from 1.6 to 2.4 km away
from the IC station. As shown in [20] it is possible to reach high
distances (up to several kilometers) in LOS even with mmWave. In
this paper we consider a single link solution, while in future works

§ Free space pathloss
§ Single LOS ray

§ Doppler + shadowing
§ BF update every 5 ms

14



UAV throughput and latency

§ Test different source rates (using UDP to avoid cross-layer effects)

§ Large antenna arrays are fundamental for this scenario:
§ Improve throughput
§ Reduce latency (fewer retransmissions)
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Figure 2: SNR and throughput of the UAV �ying over the wild�re for di�erent con�gurations of antennasA at the base station
and at the UAV. The legend is the same in both plots [22].
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Figure 3: Average throughput and latency for di�erent values of the video source rate R and of the antennas con�gurations A.
The metrics are measured at the PDCP layer of the IC station, and therefore include also the overhead given by the headers
of the network and transport protocols [22].

we will consider multi-hop con�gurations to cover larger distances.
The drone �ies over the wild�re following a Gauss-Markov mobil-
ity model for random speed and trajectories, which accounts for
random variations in the UAV movement, for example introduced
by the wind.

The channel model accounts for free space propagation with one
LOS ray, shadowing and the Doppler e�ect, which is introduced by
the moving UAV. The beamforming vectors at the base station of
the IC station and at the drone side are updated every T = 5 ms,
which is one of the candidates for beamforming update periodicity
in 3GPP [2]. We consider two possible procedures for the com-
putation of the vectors [35]: (i) the Long-term Covariance Matrix
method assumes the knowledge of the long-term components of
the covariance matrix and (ii) the Beam Search technique performs
a brute-force search for the best matching pair. An extreme example
of the SNR variability in the link between the UAV and the IC is

shown in Fig. 2a. The �uctuations are given by very fast movements
of the UAV and by the Doppler e�ect. Instead, if the UAV loiters
over a certain spot for a prolonged period of time, the variations
would be smaller. However, in this article we consider a worst case
scenario.

The beamforming gain is a fundamental elements for reaching a
high SNR, and therefore a high data rate, as shown in Figs. 2 and 3a.
Thanks to the adaptive antenna arrays, indeed, it is possible to
balance the high propagation loss of mmWave frequencies. At these
frequencies, antenna arrays with a large number of antennas can be
easily mounted also on small UAVs, given the smaller wavelength.
At the distance of the reference scenario, only two combinations of
antenna elements among those considered (i.e., 256 or 64 antennas
at the IC station and 16 at the UAV side) provide a steady data rate
of 1 Gbit/s. Notice that even with 16 antennas at the UAV side the
power consumption related to the data transmission [3] is at least

I-TENDER’17, December 12, 2017, Incheon, Republic of Korea M. Polese et al.

4 5 6 7 8 9 10 11

0

10

20

Time [s]

SN
R
[d
B]

A = 256 ⇥ 4 A = 64 ⇥ 16 A = 64 ⇥ 4 A = 16 ⇥ 4

(a) SNR

4 5 6 7 8 9 10 11
200

400

600

800

1,000

1,200

Time [s]

Th
ro
ug

hp
ut

[M
bi
t/s

]

(b) Throughput

Figure 2: SNR and throughput of the UAV �ying over the wild�re for di�erent con�gurations of antennasA at the base station
and at the UAV. The legend is the same in both plots [22].
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Figure 3: Average throughput and latency for di�erent values of the video source rate R and of the antennas con�gurations A.
The metrics are measured at the PDCP layer of the IC station, and therefore include also the overhead given by the headers
of the network and transport protocols [22].

we will consider multi-hop con�gurations to cover larger distances.
The drone �ies over the wild�re following a Gauss-Markov mobil-
ity model for random speed and trajectories, which accounts for
random variations in the UAV movement, for example introduced
by the wind.

The channel model accounts for free space propagation with one
LOS ray, shadowing and the Doppler e�ect, which is introduced by
the moving UAV. The beamforming vectors at the base station of
the IC station and at the drone side are updated every T = 5 ms,
which is one of the candidates for beamforming update periodicity
in 3GPP [2]. We consider two possible procedures for the com-
putation of the vectors [35]: (i) the Long-term Covariance Matrix
method assumes the knowledge of the long-term components of
the covariance matrix and (ii) the Beam Search technique performs
a brute-force search for the best matching pair. An extreme example
of the SNR variability in the link between the UAV and the IC is

shown in Fig. 2a. The �uctuations are given by very fast movements
of the UAV and by the Doppler e�ect. Instead, if the UAV loiters
over a certain spot for a prolonged period of time, the variations
would be smaller. However, in this article we consider a worst case
scenario.

The beamforming gain is a fundamental elements for reaching a
high SNR, and therefore a high data rate, as shown in Figs. 2 and 3a.
Thanks to the adaptive antenna arrays, indeed, it is possible to
balance the high propagation loss of mmWave frequencies. At these
frequencies, antenna arrays with a large number of antennas can be
easily mounted also on small UAVs, given the smaller wavelength.
At the distance of the reference scenario, only two combinations of
antenna elements among those considered (i.e., 256 or 64 antennas
at the IC station and 16 at the UAV side) provide a steady data rate
of 1 Gbit/s. Notice that even with 16 antennas at the UAV side the
power consumption related to the data transmission [3] is at least
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Integrated wireless access and backhaul at 
mmWaves
§ Goal: provide flexible deployment options for 

mmWave networks [10, 11]

§ 3GPP is considering IAB solutions for relay nodes
§ Possible extensions to PSC:

§ Nomadic nodes
§ UAVs
§ Emergency deployments

§ Interesting research opportunities
§ Optimal path selection in challenging environments
§ Scalability and feasible relaying architectures
§ Scheduling for in-band multiplexing
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End-to-end Performance for IAB

§ Main findings:
§ For high source rate, the relays improve the UDP throughput by improving the 

link quality for cell-edge users
§ Offload the wired base station of cell-edge users -> lower latency for its UEsm
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communication latency, of mmWave nodes in an IAB scenario.
We showed that the IAB architecture may represent a viable
solution to efficiently relay the traffic of cell-edge users in
very congested networks.

This work opens up some particularly interesting research
directions. More specifically, we plan to investigate how to
design advanced backhaul path selection policies as well as
to determine the best degree of migration from a fully-wired
backhaul deployment to a wireless backhaul solution when
considering both economic and performance trade-offs. More-

over, we will further extend the ns-3 mmWave module with
additional IAB features, in order to address mobility scenarios,
and keep track of the 3GPP specifications on this topic.
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communication latency, of mmWave nodes in an IAB scenario.
We showed that the IAB architecture may represent a viable
solution to efficiently relay the traffic of cell-edge users in
very congested networks.

This work opens up some particularly interesting research
directions. More specifically, we plan to investigate how to
design advanced backhaul path selection policies as well as
to determine the best degree of migration from a fully-wired
backhaul deployment to a wireless backhaul solution when
considering both economic and performance trade-offs. More-

over, we will further extend the ns-3 mmWave module with
additional IAB features, in order to address mobility scenarios,
and keep track of the 3GPP specifications on this topic.
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Performance evaluation [10]
• With IAB stack implemented in ns-3 mmWave
• Outdoor scenario with relays
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Multi-connectivity for mmWaves

§Exploit links at different frequencies [15]
§Reliable sub-6 GHz link for robust control and coverage
§mmWaves for 

high capacity 
hotspots
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SCHH at larger network delays. While this gain is relatively

small, it should be stated that the goodput here is measured
on average for the entire runs where handover events are
relatively infrequent. Thus, the di�erence in average through-
put is not large. We will see in the next section that the more
signi�cant gain is in latency. In general, the dual connec-
tivity option manages to complete the handovers between
mmWave base stations or the switches across RATs in a
shorter time, with fewer packet losses, therefore it sustains a
generally higher goodput. However, the single connectivity
solution manages to reach a better performance when there
is a short interval of time with the channel in LOS condition
and the user does not change the serving base station. In
this case, indeed, the overall latency of the single connec-
tivity option is smaller than that of the dual connectivity
deployment2, therefore the congestion window grows more
quickly. In the scenario with Nobs = 5 and the ES, we ob-
served that, if the same latency is considered in the �xed
part of the network, then the solution with dual connectivity
gains on average 400 Mbit/s (20%) with respect to the single
connectivity architecture.

Finally, the number of obstacles Nobs plays a major role in
the achievable goodput, which is up to 2 times higher with
5 obstacles than with 15. In the �rst case, indeed, there is a
higher probability of having a LOS channel, thus a higher
data rate available at the physical layer.

4.3 Latency
Fig. 5 reports the boxplots for the RAN latency of successfully
received packets at the PDCP layer, for di�erent mobility
management schemes and di�erent values of Nobs. It can be
immediately seen that adapting the serving base station to
the best one available not only increases the goodput, but
also reduces the latency. The handover procedures may occa-
sionally introduce additional latency because of the handover
interruption time (i.e., the interval from the detachment from
the source base station and the connection to the target one),
but they are necessary to track the best serving base sta-
tion and thus increase the probability of being connected
with a LOS link. Therefore, the packet transmissions bene�t
from the higher available data rate from the lower number
of HARQ and RLC retransmissions. Moreover, thanks to a
dense deployment and to the handover or switch procedures,
it is possible to avoid outages and most of the LOS to NLOS
transitions that cause the bu�ering (and thus latency) at the
RLC layer that was measured in [22] in combination with
TCP as the transport layer, thus containing the bu�erbloat
issue.

2At least with the core network architecture considered in this paper and
described in Sec. 3. It is due to the forwarding latency on the X2 link from
the PDCP layer in the LTE base station to the mmWave base station.
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Figure 5: RANone-way latency for the three di�erentmobilityman-
agement schemes, with a di�erent number of obstacles Nobs. Notice
that the y-axis is in logarithmic scale.

Finally, if we consider the two architectures in which the
handovers are allowed, the one with dual connectivity man-
ages to keep the latency at a minimum, and with a smaller
variability as shown by the boxplots, thanks to the faster
handover or RAT switch procedures [11].

4.4 RLC AM and RLC UM
In the previous sections, we considered the Acknowledged
Mode of RLC, since it is usually combined with TCP, while
the Unacknowledged Mode (UM) is used with best e�ort pro-
tocols, since it does not provide retransmissions. However,
thanks to the lack of RLC layer retransmissions and the need
for packet reordering at the receiver, the UM reduces the
latency, and has a smaller impact on the X2 links during the
handover and switch events, since with RLC AM both the
transmitted but not acknowledged and the not-yet transmit-
ted packets are forwarded from the source to the target base
station, while with RLC UM only the latter are forwarded.
Fig. 6 shows the goodput (solid bars) and the latency (dotted
bars) for the Edge Server scenario, i.e., the one in which the
TCP control loop is as short as possible. It can be seen that, as
expected, RLC AM yields a higher goodput at the price of an
increase in the RAN latency. Moreover, the drop in goodput
of RLC UM is more noticeable with the DC architecture, since
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Fig. 10: Average ratio R
var

, for different values of the delay D and the UDP packet interarrival time T
UDP

, for a fixed and
dynamic TTT HO algorithm. Narrow bars refer to a hard handover configuration, while wide colored bars refer to a dual
connectivity implementation. The RLC buffer size is B

RLC

= 10 MB.

interarrival time TUDP, making it clear that the LTE eNB employed in a DC configuration can

stabilize the rate, which is not subject to significant variations. In fact, in the portion of time

in which the UE would experience zero gain if a hard handover architecture were implemented

(due to an outage event), the rate would suffer a noticeable discrepancy with respect to the LOS

values, thus increasing the rate variance throughout the simulation. This is not the case for the

DC configuration, in which the UE can always be supported by the LTE eNB, even when a

blockage event affects the scenario. This result is fundamental for real-time applications, which

require a long-term stable throughput to support high data rates and a consistently acceptable

Quality of Experience for the users.

Furthermore, it can be seen that Rvar increases when the CRT are collected more intensively. In

fact, even though reducing D ensures better monitoring of the UE’s motion and faster reaction to

the channel variations (i.e., LOS/NLOS transitions or periodic modification of the small and large

scale fading parameters of H), the user is affected by a higher number of handover and switch

events, as depicted in Fig. 7(a): in this way, the serving cell will be adapted regularly during the

simulation, thereby causing large and periodic variation of the experienced throughput. For the

same reason, Rvar is higher when applying a dynamic TTT HO algorithm, since the handovers

and switches outnumber those of a fixed TTT configuration.

Finally, to compare the DC and the HH architectures, we can consider the ratio RDC/HH =

Rvar,DC/Rvar,HH. It assumes values lower than 1, reflecting the lower variance of a DC config-

Lower throughput variance

Lower latency
Baseline: mmWave-only network
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Reliable and low-latency mmWave for PSC

• Besides deployment and networking issues, the end-to-
end latency and reliability is also given by the transport
and application performance [6, 7, 14]

• UDP: unreliable – need to rely on application for retx
• TCP: generally used to provide congestion control and 

reliability
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End-to-end perspective: from first responder to IC station

Assess TCP issues at mmWaves

Propose solutions for low-latency TCP
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TCP issues on mmWave links
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Possible solutions
To cope with wireless channel fluctuations (LOS-NLOS-LOS), 
we need:

1. A shorter control loop, to react faster [16]
2. Faster window ramp-up mechanisms, to exploit the available data 

rate [16]
3. Mobility management or multiple paths (avoid LOS-NLOS) [17]
4. A cross-layer approach to better discipline the TCP sending rate [18]
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Figure 2: Goodput and RTT for the high speed train scenario, with the remote and the edge server for different combinations
of the buffer size and the MSS.

and is not affected by packet loss, i.e., the congestion window
dynamics of BBR, presented in Fig. 3a, matches the SINR
plot in Fig. 1.

However, the loss-based versions of TCP cannot adjust
their congestion window fast enough to adapt to the channel
variations and perform worse than BBR, especially with small
buffer, as seen in Fig. 3a. Among them, TCP HighSpeed pro-
vides the highest goodput because of the aggressive window
growth in the high BDP region. TCP CUBIC performs better
than NewReno in the remote server case, but worse in the edge
server case. This is because CUBIC’s window growth is not
affected by the ACK rate, and therefore is more reliable over
long RTT links.

3) Impact of the MSS: The MSS does not affect the
performance of BBR, which probes the bandwidth with a
different mechanism, whereas, for loss-based TCP, the impact
of the MSS on the goodput is remarkable.3 The standard MSS
of P =1.4 KB exhibits much worse performance compared
to a larger MSS of P =14 KB. This happens because, in
congestion avoidance, the congestion window increases by
MSS bytes every RTT, if all the packets are received correctly

3Typically, TCP segments are mapped to multiple MAC/PHY data units,
which complicates the dependence between a larger value of the TCP MSS
and the correspondingly higher packet error probability over the wireless link.
This non-trivial relationship, which would deserve a study by itself, has been
properly captured in our numerical results.

and delayed acknowledgment is not used, so the smaller the
MSS the slower the window growth. Hence, the MSS dictates
the congestion window’s growth, which is particularly critical
in mmWave networks for two main reasons: (i) The mmWave
peak capacity is at least one order of magnitude higher than in
LTE, so that the congestion window will take a much longer
time to reach the achievable link rate. In this case, we can gain
in performance by simply using a larger MSS, as depicted in
Fig. 2. (ii) In addition, the channel fluctuations in the mmWave
band will result in frequent quality drops, thus often requiring
the congestion window to quickly ramp up to the link capacity
to avoid underutilizing the channel.

Large MSS – mmWave vs. LTE: Aimed at better illus-
trating why larger packets are particularly important in 5G
mmWave networks, we also provide a performance compari-
son against LTE in the same scenario4, and report in Table I
and Fig. 3 detailed results focusing on the impact of the TCP
MSS on the congestion window growth and, consequently, on
the goodput of the system. Only a single user is placed in
the high-speed train scenario, thus the drops in the congestion
window are due to the worsening of the channel quality and
not to contention with other flows. Fig. 3 shows that the loss-
based TCP congestion window with a small MSS grows very

4For the LTE setup the small buffer represents 50% of the BDP (i.e., 0.08
and 0.2 MB for edge and remote server, respectively), because a 10% BDP
buffer would be too small to protect from random fluctuations of the channel.
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Figure 2: Goodput and RTT for the high speed train scenario, with the remote and the edge server for different combinations
of the buffer size and the MSS.

and is not affected by packet loss, i.e., the congestion window
dynamics of BBR, presented in Fig. 3a, matches the SINR
plot in Fig. 1.

However, the loss-based versions of TCP cannot adjust
their congestion window fast enough to adapt to the channel
variations and perform worse than BBR, especially with small
buffer, as seen in Fig. 3a. Among them, TCP HighSpeed pro-
vides the highest goodput because of the aggressive window
growth in the high BDP region. TCP CUBIC performs better
than NewReno in the remote server case, but worse in the edge
server case. This is because CUBIC’s window growth is not
affected by the ACK rate, and therefore is more reliable over
long RTT links.

3) Impact of the MSS: The MSS does not affect the
performance of BBR, which probes the bandwidth with a
different mechanism, whereas, for loss-based TCP, the impact
of the MSS on the goodput is remarkable.3 The standard MSS
of P =1.4 KB exhibits much worse performance compared
to a larger MSS of P =14 KB. This happens because, in
congestion avoidance, the congestion window increases by
MSS bytes every RTT, if all the packets are received correctly

3Typically, TCP segments are mapped to multiple MAC/PHY data units,
which complicates the dependence between a larger value of the TCP MSS
and the correspondingly higher packet error probability over the wireless link.
This non-trivial relationship, which would deserve a study by itself, has been
properly captured in our numerical results.

and delayed acknowledgment is not used, so the smaller the
MSS the slower the window growth. Hence, the MSS dictates
the congestion window’s growth, which is particularly critical
in mmWave networks for two main reasons: (i) The mmWave
peak capacity is at least one order of magnitude higher than in
LTE, so that the congestion window will take a much longer
time to reach the achievable link rate. In this case, we can gain
in performance by simply using a larger MSS, as depicted in
Fig. 2. (ii) In addition, the channel fluctuations in the mmWave
band will result in frequent quality drops, thus often requiring
the congestion window to quickly ramp up to the link capacity
to avoid underutilizing the channel.

Large MSS – mmWave vs. LTE: Aimed at better illus-
trating why larger packets are particularly important in 5G
mmWave networks, we also provide a performance compari-
son against LTE in the same scenario4, and report in Table I
and Fig. 3 detailed results focusing on the impact of the TCP
MSS on the congestion window growth and, consequently, on
the goodput of the system. Only a single user is placed in
the high-speed train scenario, thus the drops in the congestion
window are due to the worsening of the channel quality and
not to contention with other flows. Fig. 3 shows that the loss-
based TCP congestion window with a small MSS grows very

4For the LTE setup the small buffer represents 50% of the BDP (i.e., 0.08
and 0.2 MB for edge and remote server, respectively), because a 10% BDP
buffer would be too small to protect from random fluctuations of the channel.

BBR offers good latency/throughput tradeoff

AQM on large buffer offers 
good latency/throughput 
tradeoff
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milliProxy – a TCP proxy for mmWaves

§ Goal: reduce buffering latency 
and increase goodput [18]

§ Cross-layer approach
§ Per-UE data rate, RLC buffer 

occupancy, RTT estimation
§ Use the bandwidth-delay product 

estimation to change the advertised window in ACKs 
and influence the decisions of the TCP sender
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Conclusions
§Next-generation PSCs could benefit from high-capacity 

and low-latency mmWave links
§We offer a research platform to understand limits and 

opportunities
§Several challenges are still open, e.g.,

§ Characterization of the mmWave channel in challenging scenarios 
(e.g., smoke, aerial, etc)

§ Long-range performance

§ Robust ad-hoc mmWave deployments

§ Low complexity and efficient hardware
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Useful resources
§ns-3 mmWave module

§https://github.com/nyuwireless-unipd/ns3-mmwave
§mmWave networking research @ UNIPD

§http://mmwave.dei.unipd.it
§NYU Wireless

§http://wireless.engineering.nyu.edu
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