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Outline

§ Introduction
§mmWave channel models

§ 3GPP channel model for freq. above 6 GHz

§ ns-3 implementation
§ Antenna model
§ Propagation
§ Fading

§ Beamforming
§Optional features
§ Conclusions
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mmWave simulation

§ Candidate technology for 3GPP NR
§ End-to-end simulation to evaluate protocol stack performance 

over mmWaves
§ ns-3-based mmWave module

§ Contributions:
§ Implementation of 3GPP Channel Model for 

frequencies above 6 GHz
§ MIMO beamforming architectures

S
IN

R
(d
B
)

-20

0

20

40

Long-term cov matrix (update)
Long-term cov matrix (update) + blockage
Long-term cov matrix (without update)

Time (s)
0 20 40 60 80 100

S
IN

R
(d
B
)

-20

0

20

40 Beam search (update)
Beam search (update) + blockage
Beam search (without update)

Blocked

Blocked



CS
C	
–
SM

C	
Gr
ou

p
W

NS
3 

20
17

, P
or

to
mmWave channel models

§Spatial Channel Model (SCM) based:
§METIS model (380 MHz - 86 GHz)
§ ITU-R 
§QuaDRiGa
§NYU statistical model (28 and 73 GHz)

§MiWEBA (60 GHz)
§COST 2100
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SCM models

 
SCM Text Description   SCM-132 
 

15 

AoAmn ,,D  Offset for the mth (m = 1 … M) subpath of the nth path with respect to AoAn,d . 1 

AoAmn ,,q  Absolute AoA for the mth (m = 1 … M) subpath of the nth path at the MS with respect 2 

to the BS broadside. 3 
 4 

v MS velocity vector. 5 

vq  Angle of the velocity vector with respect to the MS broadside: vq =arg(v). 6 

 7 

The angles shown in Figure 1 that are measured in a clockwise direction are assumed to be 8 

negative in value. 9 
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Figure 3-2.  BS and MS angle parameters 11 

 12 

For system level simulation purposes, the fast fading per-path will be evolved in time, although 13 

bulk parameters including angle spread, delay spread, log normal shadowing, and MS location 14 

will remain fixed during the its evaluation during a drop.  15 

The following are general assumptions made for all simulations, independent of environment: 16 

1. Uplink-Downlink Reciprocity: The AoD/AoA values are identical between the uplink and 17 

downlink.  18 

2. For FDD systems, random subpath phases between UL, DL are uncorrelated. (For TDD 19 

systems, the phases will be fully correlated.) 20 

3.  Shadowing among different mobiles is uncorrelated. In practice, this assumption would 21 

not hold if mobiles are very close to each other, but we make this assumption just to 22 

simplify the model. 23 

4. The spatial channel model should allow any type of antenna configuration (e.g. whose size 24 

is smaller than the shadowing coherence distance) to be selected, although details of a 25 

given configuration must be shared to allow others to reproduce the model and verify the 26 

results. It is intended that the spatial channel model be capable of operating on any given 27 

antenna array configuration. In order to compare algorithms, reference antenna 28 

configurations based on uniform linear array configurations with 0.5, 4, and 10 wavelength 29 

inter-element spacing will be used. 30 

From: 3GPP Spatial Channel Model
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3GPP TR 38.900

§December 2016
§SCM-based channel model
§6 – 100 GHz band
§Max 2 GHz bandwidth

Propagation loss model Fading model

Optional Features
Scenario
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Scenarios

§Urban Microcell (UMi)
§Urban Macrocell (UMa)
§Rural Macrocell (RMa)
§ Indoor Office - open (InOO) or mixed 

(InMO)

Different parameters & possible 
deployments for each scenario
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LOS - Pathloss

§ Statistical model for LOS probability
§ Pathloss depends on

§ LOS condition

§ 2D and 3D distance

§ Elevation of base station and mobile terminal

§ Carrier frequency

§ Additional loss factor for
§ Outdoor to indoor
§ Vehicular
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Fading

§ Channel matrix 𝐻 𝑡, 𝜏 	of size 𝑈	×	𝑆	
§ Each entry depends on

§ 𝑁	clusters of 𝑀 rays

§ LOS condition

§ Carrier frequency

§ Distance

§ Mobility

§ Indoor/outdoor state

§ Scenario

num TX antennas

num RX antennas
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Optional Features

§ Basic model (propagation and fading) can be 
extended with
§ Spatial consistency (update the channel parameters in a 

correlated way in mobility scenarios)

§ Oxygen absorption (additional pathloss)

§ Blockage (some clusters are removed)

§ Support for larger bandwidth
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Channel generation procedure 

3GPP 

3GPP TR 38.900 V14.2.0 (2016-12) 30 Release 14 

 

Set scenario, 
network layout and 

antenna parameters

Generate XPRs Perform random 
coupling of rays

Generate arrival & 
departure angles

Generate cluster 
powers

Generate delays

Assign propagation 
condition (NLOS/

LOS)
Calculate pathloss

Generate correlated 
large scale 

parameters (DS, 
AS, SF, K)

Draw random initial 
phases

Generate channel 
coefficient

Apply pathloss and 
shadowing

General parameters:

Small scale parameters:

Coefficient generation:

 

Figure 7.5-1 Channel coefficient generation procedure 

 

 

Figure 7.5-2: Definition of a global coordinate system showing the zenith angle θ and the azimuth 
angle ϕ. θ=00 points to zenith and θ=+900 points to the horizon.  

The spherical basis vectors q̂  and f̂  shown above are defined based on the direction of 
propagation n̂ . 

 

n̂

q̂

f̂q

z

x

y
f

From: 3GPP TR 38.900
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ns-3 implementation

TxSpectrumPhy

+StartTxDataFrame(...): bool
+StartTxCtrlFrame(...): bool

MultiModelSpectrumchannel

+StartTx(params): void
+StartRx(params): void

PropagationLossModel

+DoCalcRxPower(...): double

SpectrumPorpagationLossModel

+DoCalcRxPowerSpectralDensity(...): Ptr<SpectrumValue>

MmWave3gppPropagationLossModel

+string m_channelConditions
+string m_scenario
+double m_shadowing

MmWave3gppChannelModel

+Params3gpp_map m_channelMap

+CalBeamformingGain(...): Ptr<SpectrumValue>

TxNetDevice

+Send(Packet): bool

RxNetDevice

+Receive(Packet): void

AntennaArrayModel

+SetBeamformingVector(...): void
+GetBeamformingVector(): Vector

RxSpectrumPhy

+StartRx(...): void

AntennaArrayModel

+SetBeamformingVector(...): void
+GetBeamformingVector(): Vector

MmWave3gppBuildingsPropagationLossModel

+map m_conditionMap

+IsLineIntersectBuildings(...): bool
+mmWaveLosLoss(...): double
+mmWaveNlosLoss(...): double

BuildingsPropagationLossModel

+DoCalcRxPower(...): double

ns3::3GPP

Basic ns-3 interfaces for
§ Propagation loss
§ Fading and PSD

MmWave3gppChannelModel

Propagation with
§ MmWave3gppBuildingsPropagationLoss

Model (obstacles-based LOS)
§ MmWave3gppPropagationLossModel 

(statistical LOS)

AntennaArrayModel
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Configuration

§ Currently based on MmWaveNetDevices
§ Generalization as future work

§ Example: MmWave3gppChannelExample

§ Select the pathloss model

§ Select the channel model 

§ Force LOS condition

§ Activate optional features
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Antenna Modeling

§ AntennaArrayModel class
§Uniform Planar Array 

§ Rectangular panel

§ Configurable parameters
§ Number of antennas in base stations and users 

§ Horizontal and vertical spacing (𝑑,, 𝑑-)

§Different radiation patterns

§ Single panel per base station
§ Future work: extend to multi-sectors

𝑑-

𝑑,
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LOS and propagation

PLOS

PNLOS

3GPP Statistical Model

𝑃/01(𝑑34, 𝑠𝑐𝑒𝑛𝑎𝑟𝑖𝑜, ℎ>1?@)

Geometric Model
MmWave3gppPropagationLossModel 

LOS

NLOS

MmWave3gppPropagationBuildings-
LossModel

ns-3 buildings module to 
simulate obstacles
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Geometric LOS

§ Random or deterministic 
objects

§ 3D tracing
§ Correlated LOS/NLOS 

conditions
§ Outdoor to indoor 

penetration
§ Different penetration loss 

for BuildingTypes
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Shadowing

§Optional
§Spatially correlated for a moving user
§Shadowing 𝑠B	at time 𝑡	is

Figure 2: Pathloss with and without shadowing for the 3 outdoor scenarios, also with O2I loss, and the 2 indoor scenarios.

The number of antenna elements for each device can be set
using the AntennaNum attribute of the MmWaveEnbNetDevice and
MmWaveUeNetDevice classes. This allows to specify a di�erent num-
ber of antennas for the BSs and the UTs, as would happen in a real-
istic deployment. The default values are 64 antennas for the BS, ar-
ranged in a square with 8⇥8 elements, and 16 for the UT, in a square
with 4 ⇥ 4 elements. The horizontal and vertical spacing dH and
dV are stored in two private variables of the AntennaArrayModel
class, and expressed as multiples of the wavelength � = c/fc .
The default value is 0.5, but it is possible to update it using the
AntennaHorizontalSpacing and AntennaVerticalSpacing attrib-
utes. Given this information, the AntennaArrayModel class pro-
vides the method GetAntennaLocation which computes the coor-
dinates of an antenna element, relative to the BS/UT position, i.e.,
the left bottom corner is in (0,0,0) and the i-th element is in position
(0,dH (i mod C),dV bi/Cc). Finally, the method GetRadiation-
Pattern returns the antenna radiation pattern, given the angle
of departure or arrival. Di�erent radiation patterns can be imple-
mented in this method.

4.2 Propagation Loss Modeling
The propagation loss, the LOS probability and the outdoor to in-
door penetration models are described in [3, Section 7.4]. In our
implementation, once one of the scenarios introduced in Section 3
is chosen, it is possible to select the LOS condition and the in-
door/outdoor state statistically, geometrically or deterministically.
The pathloss then depends on the UT status, the distance on the hor-
izontal plane (2D distance) and the 3D distance from the UT to the
BS. In the current implementation, when the UE switches between
LOS/NLOS states, there is a sudden discontinuity in the pathloss,
which is a pessimistic assumption. However, the 3GPP provides a
model for a soft transition between LOS and NLOS state, so that
there are no harsh discontinuities in the propagation modeling, and
we plan to implement soon this optional feature.

The MmWave3gppPropagationLossModel class, which extends
the PropagationLossModel interface, handles O2O or indoor to
indoor transmissions and performs the pathloss computation in
the GetLoss method. In this class it is possible to deterministically
set the LOS condition, using the ChannelCondition attribute, so
that the UT is always in a LOS or NLOS condition, or opt for the
statistical approach proposed by the 3GPP model. With the latter,
given the selected scenario, the 2D distance and the height of the BS
and UT, it is possible to compute a LOS probability PLOS using [3,
Table 7.4.2-1]. This is then compared to a random value, pREF ,
generated from aU (0, 1) distribution, and the LOS condition for the

link is set. In the current implementation of the statistical model,
the spatial consistency for di�erent BS-UT links is not modeled,
i.e., close-by users have independent LOS conditions. Since this is
optional in the 3GPP model, we plan to add it in future releases.
The pathloss for each scenario is then computed according to [3,
Table 7.4.1-1]. For the UMa, UMi and Indoor-O�ce scenarios we
support both the default and the optional NLOS propagation mod-
els, and the latter is selected by setting the OptionalNlos attribute
to true. Another optional component is the shadowing, which is
enabled by the Shadowing attribute. For a moving UT, the shad-
owing is correlated in space. Given the distance �d2D > 0 on the
horizontal plane from the last position in which the shadowing was
computed, the exponential correlation parameter is computed as
R(�d2D ) = e��d2D/dcor , where dcor is the correlation distance [9],
speci�ed in [3, Table 7.5-6] for each di�erent scenario. Then a �rst
order �lter is applied to get the updated shadowing value

st = R(�d2D )stpre� +
⇣p

1 � R2(�d2D )
⌘
�SF z, z ⇠ N (0, 1), (1)

where stpre� is the shadowing value in the previous position, and
�SF is the scenario-dependent shadowing standard deviation. The
pathloss and the shadowing (if enabled) are updated at every trans-
mission, while the LOS condition is �xed for the whole duration
of the simulation. Figure 2 shows the pathloss in dB for the 3D
distance from the smallest value supported in each scenario to 103
m for outdoor and 102 m for indoor.

The MmWave3gppBuildingPropagationLossModel class pro-
vides an alternative model for pathloss computation. This class
takes advantage of the ns–3 Buildings module in order to geomet-
rically model the LOS/NLOS and the indoor/outdoor conditions.
In particular, it is possible to place buildings in the simulation
scenario, randomly or deterministically, and, once the UTs and
BSs positions are speci�ed, a 3D ray tracing algorithm determines
whether there is LOS or not. An example is shown in Figure 3,
where, as UT1 moves, the state of the link to BS1 changes from
NLOS (because of the high building that shadows the BS) to LOS.
The same happens for UT2. This makes it possible to correlate
the LOS/NLOS condition in simulations where mobility is a key
element, and to test complex scenarios such as that of Figure 3,
or a Manhattan Grid. Moreover, if the UT is placed inside a build-
ing, it is possible to simulate O2I penetration losses. This also
implies that BSs must be placed outside of buildings. To simulate
indoor to indoor communications (i.e., the di�erent o�ces sce-
narios), MmWave3gppPropagationLossModel must be used. The
3GPP channel model speci�es two di�erent O2I penetration loss
models, i.e., low-loss and high-loss. Both are supported by the
MmWave3gppBuildingPropagationLossModel, and automatically

§ Decorrelation coefficient (exp in the 
distance Δ34 from last update)

§ Decorrelation distance and shadowing 
standard deviation dependent on the 
scenario 
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MmWave3gppChannel class

CalcRxPowerSpectralDensity

MmWave3gppChannel

implements

SpectrumPropagationLossModel

MobilityModels

Tx PSD

1. Compute or update matrix 𝐻 𝑡, 𝜏
2. Apply beamforming and compute gain

Rx PSD
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Data structures

Figure 3: Example of a simulation scenario, with 3D buildings that block the
LOS between BSs and moving UTs.

selected according to the scenario and the kind of building de-
ployed. As speci�ed in [3, Section 7.4.3], the low-loss model is
used for RMa, while for the UMa and the UMi scenarios high-loss
is selected when the BuildingType is commercial or o�ce, and
low-loss for the residential option. Once the LOS/NLOS condition
is set and the possible penetration loss is computed, this class re-
lies on the shadowing and pathloss computation performed in the
MmWave3gppPropagationLossModel class. Figure 2 also shows an
example of the O2I propagation loss for the three outdoor scenarios
with residential building type.

4.3 Fast Fading Model
The fast fading model is implemented in the MmWave3gppChannel
class, and follows the step by step approach of [3, Section 7.5].
In the following we will describe these steps in relation with our
implementation, and explain the assumptions and simpli�cations
we introduced in order to reduce the computational load. The fast
fading model is indeed the bottleneck of system level simulations
with wireless channels.

The main method of this class is DoCalcRxPowerSpectral-
Density, which implements the interface speci�ed in Spectrum-
PropagationLossModel and returns a SpectrumValue object, i.e.,
a vector with the values of the PSD for each subcarrier of the OFDM
symbol transmitted. In order to get this PSD, two steps are required:
the �rst is the actual computation of the channel matrix H(t ,� )
with the large scale and small scale fading e�ects, and the second is
the generation of the beamforming vectors and of the beamforming
gain. The latter step will be described in Section 5.

Since the channel matrix computation requires several steps and
generates several outputs besides the matrix H(t ,� ) itself, such as
for example the delay dn for each cluster, the angles of arrival and
departure for each cluster and so on, the auxiliary data structure
Params3gpp is used to store this information and possibly re-use it
at a latermoment (for example, in the spatial consistency procedure).
The main parameters of the structure are detailed in Table 2. The
output of the channel coe�cient generation is the 3D matrix Ĥ,
stored in m_channel, of size U ⇥ S ⇥ N , with the entry ĥu,s,n
representing the channel coe�cient for cluster n between transmit
antenna s and receive antenna u. The matrix H(t ,� ) can then be
obtained summing over the N clusters. The Azimuth Angle of
Arrival (AoA), of Departure (AoD), Zenith Angle of Arrival (ZoA)
and of Departure (ZoD) are stored for cluster n in this order in
the n-th column of the matrix in m_angle. Another data structure

Table 2: Main entries of the Params3gpp data structure.

Param Description

m_txW complex vector with antenna weights for the tx
m_rxW complex vector with antenna weights for the rx
m_channel complex 3D matrix Ĥ
m_delay double vector with cluster delays dn, n 2 [1, N ]
m_angle double matrix with AoA, ZoA, AoD and ZoD
m_longTerm complex vector with long term fading parameters

associated to the MmWave3gppChannel class is a table containing the
parameters of [3, Table 7.5-6], which can be generated at run time
for each scenario, given the LOS and indoor/outdoor conditions, the
height of the transmitter and receiver, and the 2D distance between
them.

The channel parameters procedure described in Section 3 starts
in the DoCalcRxPowerSpectralDensity method. The informa-
tion on the UT and BS mobility is given as a parameter of this
function, thus it is possible to compute the relative 2D and 3D
distance, speed, and the horizontal and vertical angles between
the two. The scenario, the LOS condition and the possible in-
door/outdoor state are obtained from the speci�c implementation
of PropagationLossModel used in the simulation, and associated
to the channel model class, so that the link status is consistent
across the di�erent steps of the channel coe�cients and pathloss
computation. This covers steps 1-3 of the procedure in [3, Sec-
tion 7.5]. Then the actual generation of the matrix is carried out
in the GetNewChannel method. Notice that, if the scenario is static,
we generate the channel matrix Ĥ once for each simulation, while if
there is mobility the spatial consistency procedure is used to update
it periodically, as will be described in the next section.

The fourth step requires the generation of correlated large scale
fading parameters (LSPs), as described in Section 3. In order to
speed up the computation, we generated the correlation matrix

p
C

via Cholesky decomposition for each scenario, LOS/NLOS condi-
tion, and outdoor/indoor state using MATLAB, and saved them in
static matrices. It is possible to perform this computation o�ine
because the matrix

p
C only depends on �xed parameters speci-

�ed in [3]. The MATLAB code can be found in the ns–3 mmWave
module repository. Once the LSPs are computed, it is possible to
generate the cluster delays dn (step 5) and powers (step 6). In case
of LOS, the �rst cluster has a power given by KR/(KR + 1), with
KR the Ricean factor generated in step 4, and the others are scaled
by 1/(KR + 1). As speci�ed by the 3GPP model, we remove the
clusters whose power is 25 dB smaller with respect to the strongest
one, thus, from this step onwards we consider the number of valid
clusters as N�  N . In step 7, the AoA, AoD, ZoA and ZoD for
each ray in each cluster are generated, scaled in the correct interval
([0, 360] degrees for the horizontal angles and [0, 180] degrees for
the vertical one), and �nally converted into radians. Then, the
vectors of angles are randomly shu�ed in step 8, in order to intro-
duce a random coupling between AoA and AoD, and ZoA and ZoD.
The ninth step is skipped, since polarization is not considered in
our implementation, where only vertically polarized �eld patterns
are generated in method GetRadiationPattern, as suggested by
3GPP. This impacts also step 10, since we draw only the vertical
random initial phase ���m,n ⇠ U (�� ,� ), 8m 2 [1,M],n 2 [1,N� ].

§ For each TX-RX pair we store the useful variables

§ Large scale fading correlation coefficients are 
generated offline
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Assumptions

§One antenna panel per each base station

§Vertical polarization

§Doppler effect applied only to central ray
of each cluster



CS
C	
–
SM

C	
Gr
ou

p
W

NS
3 

20
17

, P
or

to
Beamforming

§ TDD frames at physical layer
§ Analog MIMO beamforming

§ Phase shift for each antenna element

§ Two options
§ Long-term Covariance Matrix method

§ Simplified Cell Scan

§ BF vectors updated after large scale fading 
update
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§Optimal beamforming vectors 𝑤BE, 𝑤@E
§ Assumption -> channel matrix 𝐻 𝑡, 𝜏 is known
§ Procedure for 𝑤BE

§ Possible extensions
§ Delay between channel update and BF update
§ Limit BF update frequency

1. Compute spatial correlation matrix QGH = E[𝐻 † 𝐻]
2. Pick the eigenvector associated to the largest 

eigenvalue

Long Term Covariance Matrix
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§No need to know channel matrix 𝐻 𝑡, 𝜏

§ Limited set 𝐷 of possible directions
§ Scan set 𝐷 at Tx and Rx

§ Current implementation -> simplified
§ Possible extensions

§ More realistic beam tracking mechanisms
§ Interaction and feedback between Tx and Rx

Cell Scan method
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Cell Scan example
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Spatial Consistency

§Useful for mobility-based simulations

§ Every 𝑡N?@ (configurable) update consistently
§ Cluster delays

§ Cluster powers

§ Angles of arrival and departure

§ Re-compute the beamforming vectors
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Blockage

§ Additional per-cluster attenuation
§ Self-blocking -> 30 dB

§ Non-self-blocking -> dependent on scenario and angles

§ Correlated blocking in space and time
§Number of blockers 𝐾 is configurable
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Conclusions

§ Implementation of the 3GPP channel model for 
the mmWave module
§ LOS
§ Propagation
§ Fading
§ Beamforming
§ Optional features

§ Future works
§ Extension of beamforming models
§ Possible integration with other ns-3 modules
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