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Abstract—As one of the most promising techniques for the
5th Generation (5G) mobile communication systems, Three
dimensional (3D) Multiple Input and Multiple Output (MIMO)
has the potential of improving spectrum efficiency, but it needs
further research. For 3D channel model, the elevation angle
should be accurately included. Conventionally 3D channel is
modeled with an assumption that the mean elevation angle of
multipath is coincided with the line of sight (LOS) direction.
To investigate its authenticity, we conduct extensive 3D multiple
antenna field channel measurements with 100 MHz bandwidth
in a typical urban microcell (UMi) scenario. The elevation angles
of each multipath is extracted from the measurement data and
its statistical propagation characteristics are analyzed. It is found
that for LOS case, this assumption holds. However, for none line
of sight (NLOS) case, there exists an elevation angle difference
between the mean and the line directly connecting transmitting
and receiving antenna, which is defined as elevation angle offset.
The performance of the 3D channel model with the elevation
angle offset is validated in terms of channel capacity comparing
to the 3D channel model without angle offset. Results show that
the 3D channel model with angle offset fits the real measured
data better.

Index Terms—3D MIMO, Elevation Angle, Angle Offset, Chan-
nel Model, Channel Capacity

I. INTRODUCTION

In response to the great challenge of the 5th Generation (5G)
mobile communication system , the mobile communications
industry has moved towards International Mobile Telecom
System-2020 (IMT-2020) or the 5th Generation (5G) mobile
communication system [1].

Only the horizontal plane has been utilized in 2 dimensional
(2D) MIMO, also called conventional MIMO, which has been
introduced to improve its spectrum efficiency for Long Term
Evolution (LTE) and LTE-Advanced [2], [3]. We can enhance
2D MIMO to further take advantage of MIMO techniques.
One way is to place active antennas in a 3 dimensional (3D)
grid at BSs, then the MIMO scale can be extended to the
vertical plane. Such properly configured antenna arrays at BSs
are termed as 3D MIMO or full dimensional MIMO (FD-
MIMO) [4], [5] and considered as a practical massive antenna
deployment scheme.

As 3D MIMO technique has draw a lot of attention, re-
searches have been carried out in both Academia and industry.
Literature [6]–[8] focused on the information-theoretic anal-
ysis, simulation of the model. World Wireless Initiative New

Radio + (WINNER+) report summarizes these results in terms
of elevation mean angle (EMA) and elevation angle spread
(EAS) and attempts to extend the 2D standard channel model
into 3D fading channel model [9]. A comprehensive survey of
the existing elevation angle models is provided and analysis
of 3D characteristics of elevation angles in urban macrocell
(UMa), urban microcell (UMi) and outdoor to indoor (O2I)
scenarios are given in [10]. The observation of angle offset
in the azimuth domain for both LOS and none line of sight
(NLOS) conditions is reported, a gap exists between the
LOS direction from transmitter (Tx) to receiver (Rx) and the
mean angle value of scattered multipaths [11]. Similarly, the
existence of angle offset in elevation domain is shown in [12].
[13] provides the specific values of capacity gap between 2D
and 3D channel model under different scenarios based on the
measured data, and offers an explanation from the perspective
of spatial correlation.

According to the principle of 3D MIMO, system perfor-
mance depends on the channel propagation characteristics
of deployment scenarios. As a reliable and realistic way to
study fading channel models of propagation characteristics,
We conduct several field measurements under a typical UMi
scenario.

Aiming at a deeper understanding of the impact of angle
offset on channel modeling. in this paper, we concern on
3D fading channel model with elevation angle offset, then
propose an updated channel model methodology. Furthermore,
comparative results of capacity validate the superiority of the
modified model with angle offset over the conventional 3D
channel model. Main contributions are summarized below:

1) The elevation angle statistical characteristics are ana-
lyzed and we observed the angle offset in the aforemen-
tioned UMi scenario.

2) 3D MIMO channel model with angle offset approxi-
mates the field measurement channel better. To validate
, we use the channel capacity as metric. The 3D fading
channel model with the elevation angle offset can fit
better with the field measurement data suggesting that
the 3D channel model with the elevation angle offset is
more reliable.

The remainder of this paper is outlined as follows. In section



II we present our field channel measurements. Then we give
an overview of general 3D fading channel model, analyze the
statistical characteristics of elevation angles and propose our
modeling method of elevation angles in section III. In section
IV, the observation of elevation angle offset and the results of
channel capacity is presented. Finally, conclusions are drawn.

II. MEASUREMENT

The measurement antennas and environment are mainly
described in this section.

A. Measurement Configuration

To capture the propagation rays in 3D environment, 3D
antenna arrays should be equipped at both sides of a measure-
ment link. During our field measurements the dual-polarized
omnidirectional array (ODA) consisting of 56 antenna ele-
ments is implemented at Rx, and the dual-polarized uniform
planar array (UPA) with 32 antenna elements is used at Tx.
The antenna arrays consist of microstrip patches and the 6 dB
beamwidth of these patches are approximately 110◦ in both
the vertical and horizontal planes. Each patch consists of a
pair of cross-polarized antenna elements. The 3D patterns of
antenna arrays are calibrated in an anechoic chamber before
channel measurements and the angle resolution of calibrated
pattern is 2◦. The gain of each antenna element is 6 dBi.
The overall radiation patterns of ODA and UPA are omni-
directional and hemispherical, respectively. So UPA is utilized
as sector transmit antenna array. The configuration and angle
range of these antenna arrays are specified in Table I. The
layout of the antenna arrays at both Tx and Rx are illustrated
in Fig. 1.

TABLE I
ANTENNA CONFIGURATION

Parameter Value
Antenna type ODA UPA

Element number 56 32
Polarized ±45◦ ±45◦

Distribution of antenna elements Cylinder Planar

Angle range Azimuth −180◦ to +180◦ −70◦ to +70◦

Elevation −70◦ to +90◦ −70◦ to +70◦

(a) (b)

Fig. 1. The antenna arrays at Tx and Rx: (a) Tx; (b) Rx
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Fig. 2. Measurement routes and real environment in UMi scenario

B. Measurement Scenarios

Measurements were carried out in a typical UMi scenario.
1) UMi: In the UMi scenario, the transmit antenna is

installed on the top of a 3-floor office building and the transmit
antenna height from ground is 13 m, as shown in Fig. 2 (a),
the sector transmit antenna array is mounted sequentially at
the same position but with two different directions. The two
red sectors correspond to two different directions of transmit
antenna, defined as S1 and S2. Fig. 2 (b) shows the transmit
antenna array is below most of surrounding buildings. The
receive antenna array is located on a trolley, and the antenna
height from ground is 1.78 m. The routes are measured along
the sidewalks of the streets. Fig. 2 (a) also presents a map
showing the measured mobile routes colored by yellow.m21
continuous mobile routes are measured under both LOS and
NLOS conditions. The total length of these routes is 950 m,
and the total number of snapshots collected along the routes
is 42,330. The Tx-Rx distance varies within 30-250 m. The
height of most buildings is in the range of 10-40 m.

III. DATA PROCESSING

A. 3D Channel Model

When 2D channel model is extended to 3D channel model,
the CIR from the transmitter antenna element s to the receiver
antenna element u, for path l can be defined as

h3Dus,l(t) =

Ml∑
m=1

Γ3D
Rx,u(ΩRx,l,m)Ψ3D

l,mΓ3D
Tx,s(ΩTx,l,m)

ej2πλ
−1r̂Trx,l,md̄rx,uej2πλ

−1r̂Ttx,l,md̄tx,sej2πυl,mt.

(1)

where the superscript 3D indicates that the electromagnetic
wave propagates in 3D space, and the subscripts l and m
stand for the path and the subpath, respectively. Ml indicates
the number of the subpath for path l. r̂Trx,l,m and r̂Ttx,l,m
are the spherical unit vector of the arrival path at the Rx
and transmitted path from the Tx, respectively. d̄rx,u and
d̄tx,s denote the location vector of receive antenna element
u and transmit antenna element s, respectively. vl indicates
the Doppler shift υ,

For 3D fading channel models, both azimuth and elevation
angles characterize the multipath components. Parameters θTx



and θRx represent the elevation angle of departure (EAOD)
and the elevation angle of arrival (EAOA), respectively. There-
fore, the angle information at Tx is defined as ΩTx =
{θTx, ϕTx}, while the angle information at Rx is defined
as ΩRx = {θRx, ϕRx}. As the polarization components are
defined by vertical polarization component V and horizontal
polarization component H . The 3D polarization matrix Ψ3D

l,m

of the (l,m) subpath is denoted by

Ψ3D
l,m =

[
ψl,m,V,V ψl,m,V,H

ψl,m,H,V ψl,m,H,H

]
. (2)

The complex entry ψl,m,p1,p2 , pi ∈ {V,H} represents the
polarization gain between the p1 polarization component to the
p2 polarization component of the (l,m) subpath. When anten-
na array is extended to an antenna matrix in full dimensions,
as a result the full 3D antenna pattern should be expressed by
the response in its κ1 and κ2 components as

Γ3D
Rx,u(ΩRx,l,m) =

[
ΓRx,u,κ1

(ΩRx,l,m)
ΓRx,u,κ2(ΩRx,l,m)

]T

Γ3D
Tx,s(ΩTx,l,m) =

[
ΓTx,s,κ1(ΩTx,l,m)
ΓTx,s,κ2(ΩTx,l,m)

]
.

(3)

B. Parameters

Based on the field measurements, the real CIRs Hmeas

including 3D spatial information can be calculated from the
raw data. Then space alternating generalized expectation max-
imization (SAGE) algorithm is applied to extract the channel
parameters from the real CIRs, and eliminate the potential
effects of antenna patterns on the parameter estimation. With
the SAGE algorithm, the paths with the same delay can be
resolved because of their different elevation angles. And the
power of each resolvable path in the delay-azimuth-elevation
domain is defined by the complex polarization matrix in
equation (6). The elevation power spectrum (EPS) f(θ) of
each snapshot can be calculated as

f(θ) =

L∑
l=1

δ(θ − θl)
∥∥Ψ3D

l

∥∥2. (4)

And the mean value µθ of the EPS under NLOS condition is
defined by

µθ =

θmax∑
θ=θmin

θ·f(θ)

θmax∑
θ=θmin

f(θ)

. (5)

The maximum value θmax of the EPS under LOS condition is
defined by

θmax= argmax
θ∈[θmin,θmax]

(f(θ)). (6)

The root second central moment of the elevation angle can
characterize the amount of spatial dispersion in the elevation

domain, and the EAS σθ can be calculated as [14]

σθ =

√√√√√√√√
θmax∑

θ=θmin

|θ − µθ|2·f(θ)

θmax∑
θ=θmin

f(θ)

. (7)

C. Angle Offset

The elevation angle of the LOS direction can be calculated
as

θLOS = atan
hTx − hRx

dTx−Rx
(8)

where hTx and hRx are the height of Tx and Rx respectively
and dTx−Rx is the horizontal distance between Tx and Rx.
dTx−Rx is the horizontal distance between Tx and the building
where Rx is located. In this paper the elevation angle of the
horizontal plane is referred to as 0◦, so the LOS direction at
both Tx and Rx are defined by

θLOS
Tx = −θLOS (9)

and
θLOS
Rx = θLOS . (10)

conventional maximum value under LOS condition and
mean value under NLOS condition of the EPS can be modeled
easily by

θmax=θLOS (11)

and

θmean =

{
−atan( a·(hTx−hRx)

dTx−Rx
) for Tx

0 for Rx
. (12)

It is obvious that the mean value of the EPS under NLOS con-
dition depends on both the horizontal distance and the height
difference between Tx and Rx. The modeling coefficient a of
elevation mean angle is a = 0.45 in UMi scenario.

Furthermore the elevation random fluctuation around the
mean value or maximum value of the EPS can be fitted by
Normal distribution and Table II gives the mean value and
variance of this fluctuation.

TABLE II
THE MODELING COEFFICIENT OF ELEVATION RANDOM FLUCTUATION IN

UMI SCENARIO

UMi
LOS NLOS

EAOD(◦)
µ 0.31 0.55
σ 2.08 2.66

EAOA(◦)
µ -0.40 0.52
σ 3.54 4.93

EAS:The lognormal distribution is used to fit the EAS for
both BS and MS. The EAS, including elevation angle spread
of departure (EASD) and elevation angle spread of arrival
(EASA), in UMi scenario is listed in Table III. As shown in



Table III, for all scenarios the EAS at Rx is larger than that at
Tx. This is because for one wireless communication link dense
scatterers are distributed around Rx in the elevation domain,
while at Tx the influence of the scatterers in the elevation
domain is weak.

TABLE III
EASD AND EASA IN UMI SCENARIO

UMi
LOS NLOS

EASD log10(◦)
µ 0.99 1.12
σ 0.38 0.46

EASA log10(◦)
µ 1.20 1.28
σ 0.58 0.72

D. Modeling Method of Elevation Angle Offset
According to (8), θLOS can be calculated. Then based on

Table II, adding the fluctuation to the conventional maximum
value under LOS condition and mean value under NLOS
condition of the EPS, we update the two values. Based on the
distribution and EAS of EPS analyzed above, the generation
of EAODs and EAOAs assumes that the composite EPS of all
clusters is Laplace. For Laplace distribution with µ= 0, the
positive half-line of Laplace distribution is exactly an expo-
nential distribution. The EAOAs and EAODs are determined
by applying the inverse Laplace function

θ̂l = −sgn(κ− 0.5)σθ ln(Pl) (13)

where κ ∼ B(0.5) and EAS σθ can be obtained based on
Table III. Pl ∈ (0, 1] is normalized path power

Pl=

∥∥Ψ3D
l

∥∥2
max
l∈[1,L]

(
∥∥Ψ3D

l

∥∥2) . (14)

under NLOS and LOS conditions the elevation angle of each
path can be modeled as{

θl = θmax + θ̂l LOS

θl = θmean + (θ̂l − ε{θ̂l}) NLOS
. (15)

where ε (·) is expectation operator.

E. Capacity
With the new generated elevation angle values above, we

update the 3D fading channel model by including the elevation
angle offset between the mean value and LOS direction.
By replacing the θTx and θRx with our new values, we
can calculate reconstructed CIRs according to (1). Then the
accuracy and reliability of the model is validated in terms
of channel capacity. The channel capacity is also one of the
important metrics for the MIMO channel. In the absence of
the channel state information at the transmitter, it is optimal
to equally allocate power across all antennas. The channel
capacity of the frequency-selective fading MIMO channel is
given by [15], [16]

C(t) =
1

B

∫
B

log2 det(IU +
ρ

β2S
H(t, f)HH(t, f))df (16)

where ρ denotes the SNR and B is the bandwidth. For the
discrete channel response H(j, k), an approximation can be
given by

C(j) ≈ 1

K

K∑
k=1

log2 det(IU +
ρ

β2S
H(j, k)HH(j, k)) (17)

where K is the number of frequency bins of jth time real-
ization, K=1024. β is a common normalization factor for all
channel realizations in such that the average channel power
gain is unitary as

ε{ 1
β
∥H(j, k)∥2F } = U · S (18)

where ∥∥2F denotes the Frobenius norm.

IV. RESULT ANALYSIS

A. Angle Offset

(a) The characteristics of the elevation angle under LOS condition in UMi

(b) The characteristics of the elevation angle under NLOS condition in UMi

Fig. 3. The maximum value of the EPS under LOS condition, the mean
value of the EPS under NLOS condition and their elevation LOS direction in
UMi scenario

In order to further analyze the characteristics of the elevation
domain, the elevation LOS direction, the maximum value of
the EPS under LOS condition and the mean value of the EPS
under NLOS condition are shown in Fig. 3.

For LOS case in Fig. 3 (a), the LOS directions at Tx and
Rx both depend on the 2D distance heavily, and get to a stable
value when the 2D distance increases to a certain extent. The
main path along the LOS direction and one-bounced paths
occupy the main power. For NLOS case in Fig. 3 (b), scatters
near the Tx and Rx within a small height difference range will
have dominant impacts on the EAOD and EAOA of multipaths.
The EAOD and LOS direction change with the 2D distance,
while the mean value of EAOA is independent of 2D distance
and concentrate near 0o within [−10◦, 10◦].



B. Channel Capacity

After transforming the CIRs to the frequency domain, we
can calculate the capacity using (17). The CDF of MIMO
capacity for the measured data and reconstructed model at
5 dB are depicted in Fig. 4. The channel capacity of the
3D channel model data with angle offset is well fitted with
the channel capacity of the measurement and the capacity
difference between the 3D CIRs with angle offset and the 3D
CIRs without angle offset exists.

(a) The cumulative probability of the channel capacity in UMi

Fig. 4. The cumulative probability of the channel capacity of the measure-
ment data and reconstruction data in UMi scenario

So the channel capacity of the reconstructed 3D channel
with angle offset well approximates the channel capacity of the
field measurement, and the ignorable difference might result
from the channel parameters estimation error via the iterative
algorithm SAGE. Meanwhile the 3D CIRs without angle offset
ignore the difference between the LOS direction and the mean
value of EPS. This results in the capacity estimation error, thus
we observe the non-negligible capacity differences between
the 3D CIRs with angle offset and the 3D CIRs without
angle offset. The capacity differences between the 3D CIRs
with angle offset and the 3D CIRs without angle offset are
respectively 4.17% in UMi scenario.

V. CONCLUSION

In this paper, we investigate the mean elevation angle
value and LOS direction in 3D channel modeling based on
a series of field measurements at 3.5 GHz with 100 MHz
bandwidth under the typical scenario: UMi. Observations show
that the mean value fits well with the LOS direction under
LOS condition while an elevation angle offset exists between
them under NLOS condition. By including the elevation angle
offset, we validate it by comparing the 3D fading channel
model with/without angle offset and the field channel data in
terms of capacity. It is proved that the 3D channel model with
angle offset can optimally match the channel capacity of the

real channel data in UMi scenario, while the 3D fading channel
without angle offset will underestimate the channel capacity.
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