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ITU-R has named the fifth-generation (5G) mobile communications as IMT 2020 and described its vision from
eight aspects, including peak data rate, mobility, connection
density, and delay. To meet the continuously increasing
high data rates demand and new applications scenarios,
some emerging technologies such as massive MIMO, 3dimensional (3D) MIMO, millimeter wave (mmWave), and
new network architecture are being investigated and studied.
It is foreseeable that these efforts from both academia and
industry will make 5G realize the vision: “Information a
finger away, everything in touch.”
This special issue contains several papers selected from
submissions. These papers highlight some of the current research interests and achievements in the area of
enabling technologies for fifth-generation mobile communications. The paper “5G: Vision and Requirements for
Mobile Communication System towards Year 2020,” by G.
Liu and D. Jiang, described the vision of 5G and summarized some candidate technologies and spectrum solutions.
The channel state information acquisition at the transmitter is a great challenge in frequency-division duplex (FDD)
massive MIMO systems. The paper “Multiuser Beamforming
with Limited Feedback for FDD Massive MIMO Systems,”

by S. Zheng et al., discussed the multiuser beamforming in
FDD massive MIMO systems and proposed a novel multiuser
beamforming scheme.
By taking the elevation domain into consideration, the
3D channel model gives a better understanding of practical
channel statistical characteristics. The paper “Statistical Characteristics of Measured 3-Dimensional MIMO Channel for
Outdoor-to-Indoor Scenario in China and New Zealand,”
by Y. Yu et al., presented a comparative result based on 3D
MIMO channel measurements performed in both China and
New Zealand.
For the study of propagation channel characteristics at
mmWave frequency band, the paper “Propagation Channel
Comparison between 23.5 and 45 GHz in Conference Scenario,” by J. Dou et al., proposed a hybrid channel modeling
approach considering both deterministic simulation and
measurement-based analysis and established the statistical
channel model for both the large and small scale characteristics at 23.5 and 45 GHz.
In 5G mobile network, various network mechanisms
coexist and complement each other to provide ubiquitous
high speed wireless connectivity, resulting in a new bottleneck of universal access. The paper “Research on Joint
Handoff Algorithm in Vehicles Networks,” by Y. Bi et al.,
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provided an advanced dynamic handoff algorithm in vehicles
networks to solve the seamless handoff problem.
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With the communication services evolution from the fourth generation (4G) to the fifth generation (5G), we are going to face
diverse challenges from the new network systems. On the one hand, seamless handoff is expected to integrate universal access
among various network mechanisms. On the other hand, a variety of 5G technologies will complement each other to provide
ubiquitous high speed wireless connectivity. Because the current wireless network cannot support the handoff among Wireless
Access for Vehicular Environment (WAVE), WiMAX, and LTE flexibly, the paper provides an advanced handoff algorithm to solve
this problem. Firstly, the received signal strength is classified, and the vehicle speed and data rate under different channel conditions
are optimized. Then, the optimal network is selected for handoff. Simulation results show that the proposed algorithm can well
adapt to high speed environment, guarantee flexible and reasonable vehicles access to a variety of networks, and prevent ping-pong
handoff and link access failure effectively.

1. Introduction
With the continuous development of the fifth generation (5G)
mobile communications and the ever-maturing standards,
intelligent terminals and mobile Internet and networking
systems have shown a trend of rapid development worldwide.
Meanwhile, the vehicular communication system has a wide
range of engineering application values in the future communication markets. Therefore, strong research activities have
been stimulated in the field of Wireless Access for Vehicular
Environment (WAVE). However, due to the high mobility
of vehicles, the seamless handoff becomes a new bottleneck
in vehicular communication system. Several literatures have
investigated the handoff problem. Reference [1] proposed a
handoff method based on the detection of received signal
strength (RSS), while [2] mainly focused on the traditional
data rate. In [3], the packet loss rate was considered to
decide handoff. In [1–3], certain physical quantities, also
called detection values, are utilized to judge whether the
handoff should be done. Besides, the cost functions can
also be used to make handoff decisions, such as throughput
and quality of service (QoS) [4–6]. Some scholars believed
that multiple factors should be considered. Thus, several

handoff algorithms based on multiple attribute decision
(MAD) appeared. The operator policies, terminal properties,
customer performance, and the application QoS level are all
taken into account [7, 8]. In addition, [9] used an analytic
hierarchy process (AHP) to acquire the various performance
parameters to make a judgment for the weights of the
network. Reference [10] utilized the remaining bandwidth
of vertical handoff algorithm for switching among heterogeneous networks, relying on the QoS Basic Service Set
(QBSS) with limitation. All of the above-mentioned handoff
algorithms aimed at cellular communication systems. There
is still lack of research on handoff problem in vehicular
communication system. Different from the traditional cellular networks which are based on fixed base stations (BSs)
and mobile cellular networks, the vehicular communication
systems require high speed mobile terminals (MTs) to use
self-organizing network (SoN) or cooperation to realize endto-end (e2e) data interaction directly [10]. As a consequence,
the vehicular communication system may easily produce call
dropping and ping-pong effects. In addition, some papers
focused on the vertical handoff and the others only took
the horizontal handoff into consideration. But it is clear that
the future wireless access network will consist of wireless
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networks with various services and coverage ranges. So as
to accurately obtain the “always best connect” performance
networks, the joint vertical and horizontal handoff in heterogeneous networks will become an increasingly important
research hotspot, although little researche has been done on
it. In order to allow users to roam among various systems
transparently and seamlessly, this paper presents a novel
algorithm which not only supports the horizontal handoff
in the same network but also can classify the RSS and
optimize velocity speed and data rate under different channel
conditions to choose an optimal network to handoff. For
the sake of low computational complexity, RSS is adopted
to handle horizontal handoff and the fuzzy logic decision
algorithm is used to address vertical handoff. There is no
doubt that the fuzzy logic decision algorithm takes many features of the mobile terminals (MTs) and access network into
consideration and thus makes the handoff algorithm easier
for hardware implementation. The remainder of this paper
is organized as follows. Section 2 describes the background
of handoff process. Section 3 indicates the proposed handoff
algorithm and gives the related channel model. Numerical
results are presented in Section 4. Finally, Section 5 concludes
the whole paper.
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Figure 1: The schematic map of handoff.

2. Background
2.1. The Brief of Handoff. It is not difficult to find that the
5G wireless access network will consist of access networks
with various coverage and data rates. The hybrid network
system can take advantage of each system to provide high
QoS to users. According to the relationship between the
source and target network, the handoff process can be divided
into horizontal handoff and vertical handoff, as shown in
Figure 1. In general, horizontal handoff refers to handoff
in the same access technology, while vertical handoff is the
handoff process occurring between different access network
technologies. No matter which handoff process happens, the
ultimate objective is to keep “always best connect” (ABC) for
users [11–13]. That is to say, when a mobile user connects
to hybrid access networks concurrently, all they will do
is to choose a best adjacent cell in the same network or
access network for its service requirement purpose. In mobile
communication systems, there exists a certain overlap area
between adjacent cells, called handoff belt. When the mobile
terminal moves into this area, the wireless link handoff
process must be conducted effectively. However, in the hybrid
network systems, the coverage area of several networks may
be overlapped. Thus, a new handoff scenario in the hybrid
network system has to occur in the near future [14]. In order
to minimize the link dropping probability, the horizontal and
vertical handoff should be considered jointly.
2.2. The Network Architecture and Protocol. The existing
network architecture consists of mobile terminal, access
network, and core network. In the access network, the
base station (eNodeB) bears the control function of wireless
system and makes the data transmission rate become faster.
Moreover, the boundaries between access network and core
network are blurred. The mobile terminal is connected to the

Vertical
handoff

Horizontal
handoff

LTE

3G

2G

Core
network
Access
network
S1

S1

eNodeB

X2

eNodeB

Figure 2: The vehicular wireless communication system.

access network via air interface. The eNodeB uses S1 interface
to connect to the core network and X2 interface to link with
another eNodeB, respectively, as shown in Figure 2.
The typical vehicular communication system is divided
into three subsystems: core network, vehicle, and ground
parts. The vehicular subsystem mainly includes the vehicular information platform, the communication module, the
system multiplexing module, the 2G/3G automotive micro
base station unit, and the Wi-Fi hotspots equipment. It always
directly communicates with the ground stations through
standard onboard processing unit which is responsible for
the large capacity data transmission. The ground subsystem
mainly includes the eNodeB radio remote unit (RRU) and
the S1 and X2 interface optic fibers. This paper assumes
that the parts of the core network are related to the access
network. Specifically, the core network uploads the users
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service information and the whole system control information. Moreover, the access network is utilized for converting
the format of 2G/3G and separating them into the different
service networks.
Therefore, as discussed above, there are two types of
handoff process; one is based on X2 interface switch and
the other is connected with S1 interface. For the horizontal
handoff, the data will be passed through X2 interface between
eNodeBs. When the user equipment (UE) needs vertical
handoff, the source eNodeB will trigger the S1 interface to
switch information from eNodeB to access network and core
network.

Initial phase
(connect with the source access network)

Real‐time detection of all kinds of signals
strength from various networks.
If Ssource < Sselection

No

2.3. The Procedure of Handoff. The handoff process has three
steps. (1) Measurement of handoff: at first, UE always tries
to find out whether there is a new available network or
not. In the vertical handoff process, many conditions of
switch are considered, such as signal receiving intensity, user
preference, network cost, and load balance. The common
handoff decision will be triggered when network congestion
is serious or current network signal and QoS are weak. The
handoff may also be held when the current network cannot
provide satisfactory businesses to the user. (2) Switching
decision stage: there are three kinds of control modes to
make the handoff decision: network control, terminal control,
and terminal auxiliary switch. The system will synthetically
take into account the situation of each alternative network,
the terminal characteristics, and the user’s preferences for
the current business. In some special circumstances, other
factors (such as QoS and system performance security) will
also be considered. (3) The execution phase of handoff: this
stage is completing the handoff process and switching the
communication services from the current access point to the
target network. To ensure the completion of the handoff,
some protocols are needed; more details about it can be found
in [15].

Yes

Start the horizontal
handoff mode

No
Waiting a dwell
time. Then if
Ssource < Sselection
Yes

Select the target cell
with the same network
according to the process
of UE moving

Dynamically adjust the
sampling periods during
measurement based on
the received signal

Horizontal handoff
switching decision

Start the vertical
handoff mode
Measure the related
parameters of
various network
around the UE

Fuzzy inference
engine based on
Zadeh’s method

Vertical handoff
switching decision

Figure 3: The flow chart of handoff algorithm.

3. The Handoff Algorithm
In this section, we present a novel scheme based on the
joint RSS and fuzzy logic handoff algorithm. Figure 3 shows
the algorithm flow chart. Assume that the WLAN system
has successfully established the connection. The vehicle
measurement equipment always detects the various access
network signals. Once the RSS is higher than that from other
access networks, the station keeps the data connection with
WLAN and meanwhile rises the horizontal handoff mode.
Otherwise, the mobile station waits for the optimal network
selection time before comparing the RSS again. After the RSS
comparison, if the RSS in WLAN is still higher than the
others, the whole handoff process returns to the initial phase,
and the vehicle measurement equipment retests the various
access network signals. Otherwise, the algorithm mechanism
will decide to start the vertical handoff mode which makes
decision based on fuzzy inference engine by utilizing Zadeh
rules, and the details are described as follows.
3.1. The Algorithm of Horizontal Handoff. During each
period, the UE in either idle or connection state measures

RSSI

Interference
ratio

Fuzzy inference
engine based on
Zadeh’s method

Data rate

Knowledge
rules

Reversal
fuzzifier

APCV
output

Figure 4: The fuzzy logic decision scheme.

the related power parameters related to both the source cell
and the target one. The measurement parameters include
reference signal received power (RSRP), reference signal
received quality (RSRQ), and reference signal strength indicator (RSSI). The RSRP is the received power value of the
pilot signal from base station. It is calculated by the difference
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between the reference signal which transmits from the base
station and the path loss:

y-axis
Target
BS

Source BS

RSRP = 𝑃𝑇𝑥 − PL (dB) ,

(1)

where 𝑃𝑇𝑥 is the transmitter power of the pilot signal and PL
represents the path loss. The RSRQ can be calculated as
RSRQ = 𝑁 ∗

RSRP
,
RSSI

(3)

where 𝑃target and 𝑃source represent the strength power of the
target cell and source cell, respectively, and 𝑂𝑓 means the
offset between related source cell and target cell. When the
measurement value of the received signal is consistent with
(3), the timer will start working. If the relationship described
by (3) continuity satisfies the rule of time to trigger (TTT), the
system will determine to drive the handoff process execution.
The decision threshold 𝐻 and TTT have great influence
on the performance of the algorithm. Larger 𝐻 and longer
delay time of departure will make the handoff more difficult.
Therefore, as a result of switch, it is easy to lead to link
connection fail, namely, drop link. If 𝐻 is too small it will
cause frequent switching, namely, ping-pong phenomenon.
3.2. The Algorithm of Vertical Handoff. In this part, we will
focus on how to use the algorithm for a vertical operation
based on fuzzy logic. As we all know, the general elements
of collection set for the membership can only take 0 and 1. In
1965, L. A. Zadeh expanded the membership from only two
values (0 and 1) to any values within 0 and 1, which was a
sign that the membership function with fuzzy sets could be
represented by fuzzy probability. The fuzzy subset 𝐵, which
belongs to the theory domain 𝑇, is a function characterized
by a collection of membership and can be mapped as follows:
𝜇𝐵 : 𝑇 → [0, 1] ,

(2000, 50)

(0, 0)

x-axis

(2000, 0)

(2)

where 𝑁 is the number of Resource Blocks (RB) in terms
of bandwidth. The RSSI is the measurement value of the
received carrier’s power in the whole system bandwidth; however the carrier sends not only data and control information
but also some interference and noise information. In order
to make the handoff decision reasonable, the acquired information from the measurement data needs to be submitted
to the Radio Resource Control (RRC) layer. In addition,
the measured reference signal should be smoothed by filters
before being transmitted to the RRC for eliminating random
fluctuations [16]. The trigger condition of handoff execution
is as follows: the QoS of target cell is better than the currently
serving cell and the difference exceeds a specified threshold
when the duration is greater than the trigger delay time. The
judgment criteria are shown as
𝑃target > 𝑃source + 𝑂𝑓 + 𝐻,

(0, 50)

(4)

where 𝜇𝐵 means the membership function of the fuzzy subset.
𝜇𝐵 (𝑡) represents the extent to which the elements 𝑡 in the
theory domain 𝑇 belong to fuzzy subset 𝐵. The larger value of
it the higher probability of belonging to 𝐵. For a given theory

Figure 5: The horizontal handoff simulation model.
y-axis

WLAN-BS

(0, 0)
(0, −50)

(500, 0)

LTEeNodeB

(2200, 0)
x-axis

(250, −50)

Figure 6: The vertical handoff simulation model.

domain of 𝐸, a kind of word which is related to 𝐸 constitutes
a set 𝑃. Its semantics is represented by the function 𝑅 which
maps the relationship between set 𝑃 and 𝐸. Therefore the
word set is a fuzzy function and it can be described as
𝑅 (𝑎, 𝑒) = 𝜇𝐵 (𝑒) ,

(5)

where 𝑒 is the element of 𝐸. And the membership function
𝜇𝐵 (𝑎, 𝑒) means the extended relationship between 𝑎 (which
belongs to the set 𝑃) and 𝑒 (which belongs to the theory
domain 𝐸):
𝜇𝑅 : 𝑃 × 𝐸 → [0, 1] .

(6)

In order to deduce the fuzzy logic relationship, we will
introduce the principle of Zadeh’s method: if the fuzzy
relationship “If 𝐴 then 𝐵” can be represented by “𝐴 → 𝐵,”
where 𝐴 ∈ 𝑈, 𝐵 ∈ 𝑉, then the fuzzy logic relationship 𝑅(𝑢, V)
is defined as
Zadeh: 𝑅 (𝑢, V) = (𝐴 (𝑢) ∧ 𝐵 (V)) ∨ (1 − 𝐴 (𝑢)) ,

(7)

where “∧” and “∨” stand for the supremum and infimum
operator with logic relationship, respectively. For a given 𝐴∗ ∈
𝑈, if the relationship matrix 𝑅 is known, then 𝐵∗ ∈ 𝑉 can be
calculated by
𝐵∗ = 𝐴∗ ∘ 𝑅,

(8)

where “∘” means the supremum operator with logic relationship.
The proposed fuzzy logic decision strategy consists of
three steps (as shown in Figure 4): fuzzy inference engine
based on Zadeh’s method, reversal fuzzifier, and APCV
output. At first, the input parameters such as RSSI, IR, and
DR are mapped into inference engine by utilizing knowledge
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Figure 7: The handoff probability and the average time with various cell radius and user speeds.

rules. And then the inference engine will make a fuzzy
decision according to the mapping values. But as mentioned
above the output of the fuzzy inference module is still a
fuzzy set and has no effects on the controlled object directly.
Therefore, a “translation” process is needed to transfer a fuzzy
value to a precise one 𝑓0 . This step is called “reversal fuzzifier.”
Through comparison with this precise value, we can get the
access point candidacy value (APCV) output. The goal of
this “reversal fuzzifier” is to find the maximum membership
degree function. The “reversal fuzzifier” selects the element
which will make the value of membership function the
highest as the output signal. And the rules could be described
as
𝜇 (𝑓0 ) ≥ 𝜇 (𝑓) , 𝑓 ∈ 𝐹.

(9)

In case of nonunique maximum value of the membership
function, the average value will be taken as follows:
𝑓0 =

1 𝑁
∑𝑓 ,
𝑁 𝑖=1 𝑖

𝜇 (𝑓𝑖 ) ≥ 𝜇 (𝑓) .

(10)

In different networks, different fuzzy inference models
are adopted. The membership function is designed to ensure
comparability among different networks at the same time.
At last, in order to complete the behavior of handoff, the
system will select the highest APCV network to access. There
are three parameters that need to be detected in the fuzzy
module: RSSI, data rate, and interference ratio. Gaussian and
𝑆-scheme distribution are chosen as the fuzzy membership
because of their great performance with respect to real-time
control.
Figure 9 shows the WLAN membership functions. For
example, RSSI stands for the received signal strength indicator. Therefore we make such an assumption to describe its

knowledge rules (as shown in Figure 9(c)): (i) the membership function is 𝑆-scheme distribution when RSSI is in a given
interval from −95 dBm to −80 dBm; (ii) if RSSI belongs to the
interval [−90 dBm, −70 dBm], then the membership function
follows Gaussian distribution; and (iii) once the value of
RSSI is higher than −80 dBm, the membership function is
𝑆-scheme distribution as well. The fuzzy set of RSSI, the set
of data rate, and the fuzzy set of interference ratio in WLAN
are [good, normal, weak] with value set [3, 2, 1]. Hence, the
output fuzzy sets are mapped as
3

𝑆 = ∑𝑀𝑖 𝑘.

(11)

𝑖=1

Take a regular WLAN network as an example: if RSSI is
weak and data rate is weak and interference ratio is weak,
then 𝑆 is 3. For the WLAN network, each input has three
fuzzy sequences, so there are 27 fuzzy rules in the knowledge
rules. Due to the sensitivity to UE speed in V2V network,
5 fuzzy variable sequences are used (45 fuzzy rules) in the
knowledge rules. The input parameters in the fuzzy logic
module are mapped into different fuzzy sets, and the output
would be acquired utilizing the maximum membership
degree function method. The fuzzy logic outputs decision
value indicates that the stable degree of difference between
two network decisions is lower than the threshold level; thus
the connection with the source network cell will be held on.
Otherwise, the handoff execution will be done if the hysteresis
time is longer than a certain value; that is,
VALUE TARGET − VALUE SOURCE ≥ Hysteresis,
VALUE SOURCE ≤ Threshold.

(12)
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Figure 8: The horizontal handoff simulation results.

3.3. Channel Model. This subsection will adopt the COST 231
Hata channel model to realize the real-time simulation [17,
18], which is depicted as

PL (dB) = (39.7 − 7.01 log10 (ℎBS )) log10 (

ℎ𝑢,𝑠,𝑛 (𝑡) = √

𝑑
)
1000

+ 42.9 + (36.54 − 1.2ℎMS ) log10 (𝑓𝑐 )

The channel impulse response (CIR) from transmitter
antenna element 𝑠, to receiver element 𝑢, for cluster 𝑛 is
expressed as

(13)

− 12.98 log10 (ℎBS ) + 0.74ℎMS + 𝐶,

𝑃𝑛 𝜎SF 𝑀
∑ (√𝐺𝐵𝑆 (𝜃𝑛,𝑚,AoD )
𝑀 𝑚=1

⋅ exp (𝑗 [𝑘𝑑𝑠 sin (𝜃𝑛,𝑚,AoD ) + 𝜙𝑛,𝑚 ])

(14)

⋅ √𝐺MS (𝜃𝑛,𝑚,AoA ) × exp (𝑗𝑘𝑑𝑢 sin (𝜃𝑛,𝑚,AoA ))
× exp (𝑗𝑘 ‖V‖ cos (𝜃𝑛,𝑚,AoA − 𝜃V ) 𝑡)) ,

where ℎBS and ℎMS represent the height of BS and MS,
respectively, 𝑑 means the distance between BS and MS, 𝑓𝑐
denotes the center frequency, and 𝐶 is a constant.

where 𝐺BS and 𝐺MS are the antenna gain for BS and MS,
respectively, 𝑑𝑠 and 𝑑𝑢 are the uniform distances (m) between
transmitter elements and receiver elements, respectively, 𝑘
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is the cross polarization power ratio in linear scale, V is the
moving speed of user, and 𝜃𝑛,𝑚,AoA and 𝜃𝑛,𝑚,AoD mean the
angle of arrival (AoA) and angle of departure (AoD) with the
𝑚th subpath in 𝑛th path, respectively. Assume that there are
6 paths and each path includes 20 subpaths.

4. The Simulation and Validation
To evaluate the realistic performance of our proposed algorithm, the simulation model, scenarios, and various parameters are developed using MATLAB. The performance of horizontal and vertical handoff algorithms is tested separately.
Figure 7 compares the handoff probability and average
dwell time with different moving speed and cellular radius. It
is found that the expansion of cellular radius and decreasing
vehicle moving speed will lead to increase of average dwell
time and channel holding time. In particular, the relationship
between the coverage radius and dwell time is obviously
linear in the low vehicle speed regions. On the contrary, with
the increase of vehicle speed, the handoff probability will
continue to decrease.
The horizontal handoff is simulated using the following
parameters (as shown in Figure 5): the point coordinates of

source BS and target BS are [0, 50] and [2000, 50], which
means that the distance between the source BS and target
BS is 2000 m and the distance between road and BS is
50 m; the vehicle speed is 80 km/h and is moving from [0, 0]
to [2000, 0]; the heights of BS and MS are 30 m and 1 m
separately; the transmitted power is 44 dBm and the standard
deviation of channel shadow fading is 8 dB.
Figure 8 shows the simulation results of horizontal handoff. It is clearly seen that when the vehicle moves from [500, 0]
to [1500, 0], the strength of received signal from source BS
is reducing while the signal level from target BS is growing.
Meanwhile, the handoff probability shows a similar trend,
and the handoff should occur at the points near [1000, 0]
according to the theoretical judgment of holding probability.
It can also be observed that the handoff happens at the peak
of the curve; namely, the coordinate of the vehicle is [1055, 0].
There is a little far distance from the actual handoff location
to the theoretical one due to the hysteresis effect of dwell
time on the joint handoff algorithm. As we all know, the
existing RSSI algorithm depends on the decisions of priority
on the mobile node. In particular, the priority is divided
into low priority and high priority. The low priority which
is below certain level estimate receives signal strength from
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Figure 10: The vertical handoff simulation results.

another cell before it starts handoff in the cell. Therefore,
Figure 8(d) presents a performance comparison between the
existing RSSI horizontal handoff algorithm and our proposed
schemes. It is clear that, no matter how much the speed
of users is, the ping-pong handoff ratio of existing RSSI
horizontal handoff algorithm is higher than the proposed
schemes. It proves that ping-pong effect can be avoided
effectively by using dwell timer and hysteresis parameters.
The vertical handoff simulation is divided into two parts:
one focuses on testing whether the handoff could be applied
automatically and another part analyzes the performance
of the proposed algorithm. Firstly, assume a car is moving
from the initial points [0, −50] to [2500, −50] at the speed of
45 km/h, and the coordinates of WLAN-BS and LTE-eNode
are [500, 0] and [2200, 0], respectively (as shown in Figure 6).

Figure 10(a) shows the alternative trend of the RSS during the
whole movement and Figure 10(b) shows the actual handoff
results. It is not difficult to find such a handoff process: the
car accessed LTE at first and then changed the network to
WLAN because it ran close to the WLAN-BS; when it left the
coverage of WLAN, the handoff happened again to replace
WLAN by LTE signals. Obviously, because of different path
loss and shadow fading due to different center frequency,
the vehicle utilizes LTE network to communicate and only
connects to WLAN network when the mobile terminal is
very close to the BS of WLAN. Secondly at the performance
simulation parts, similar to the functional simulation, the
coordinates of the car and the BS of WLAN and LTE network
are the same as the former ones. The biggest difference setting
between the function and the performance simulation part
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after comparison from Figure 11(a), we can find that the load
balancing degree of our proposed schemes is higher than the
TTS. In addition, as illustrated in Figure 11(b), call dropping
probability is lower in our proposed schemes than that of
TTS, especially in the larger number of users conditions.
In general, the simulation results validate that our proposed
scheme outperforms the existing vertical handoff algorithm.
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This paper proposed a dynamic handoff algorithm in vehicles
networks to solve the conflicts between BS and MS, such as
call blocking, call dropping, and ping-pong phenomenon.
Simulation results validate that the presented joint handoff
algorithm can effectively address the handoff problem among
various access networks by taking into account different
scenarios, different vehicle speeds, and channel conditions.
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The forecast for future 10 years’ traffic demand shows an increase in 1000 scales and more than 100 billion connections of Internet
of Things, which imposes a big challenge for future mobile communication technology beyond year 2020. The mobile industry is
struggling in the challenges of high capacity demand but low cost for future mobile network when it starts to enable a connected
mobile world. 5G is targeted to shed light on these contradictory demands towards year 2020. This paper firstly forecasts the vision
of mobile communication’s application in the daily life of the society and then figures out the traffic trends and demands for next
10 years from the Mobile Broadband (MBB) service and Internet of Things (IoT) perspective, respectively. The requirements from
the specific service and user demands are analyzed, and the specific requirements from typical usage scenarios are calculated by
the defined performance indicators. To achieve the target of affordable 5G service, the requirements from network deployment and
operation perspective are also captured. Finally, the capabilities and the efficiency requirements of the 5G system are demonstrated
as a flower. To realize the vision of 5G, “information a finger away, everything in touch,” 5G will provide the fiber-like access data
rate, “zero” latency user experience, and connecting to more than 100 billion devices and deliver a consistent experience across a
variety of scenarios with the improved energy and cost efficiency by over a hundred of times.

1. Introduction
The first generation of mobile communication system based
on analog signal was born in the 1980s, and it helped
people get rid of the shackles of telephone line. In the 1990s
more efficient second-generation (2G) mobile communication systems based on digital communication occurred,
and after that personal mobile communications have had a
rapid development on a global scale. After 2000, with the
deployment of 3G systems, people can enjoy faster mobile
Internet experience, such as video telephony. When it comes
to 2010, deployment of Long Term Evolution (LTE) based 4G
commercial network further enhanced the system capacity
and user experience. According to the statistics of Global
TD-LTE Initiative (GTI), 364 LTE commercial networks have
been launched by the third quarter of 2015. The evolution
map of mobile communications since 1980s is summarized
in Figure 1. With the IMT-Advanced (IMT-A) systems being
deployed in the world, the 5th-Generation (5G) mobile communication technologies are emerging into research fields.

In order to drive future development of mobile communication techniques, the METIS (Mobile and Wireless Communications Enablers for the Twenty-Twenty Information Society) project [1] of European Union started research work of
5G at the end of 2012. In China, IMT-2020 promotion group
was founded in April of 2013. IMT-2020 promotion group
will serve as a platform to promote the 5G study. Its target
is to organize domestic forces to actively carry out international cooperation and to jointly promote the international
development of 5G. In Korea, Samsung tested and verified
the technical feasibility of millimeter wave in the bands of
about 28 GHz [2]. Other possible candidate technologies such
as massive MIMO [3], novel multiple access [4], and new
channel coding [5–7] have attracted more and more interest.
The International Telecommunication Union (ITU) has also
started its study on the International Mobile Telecommunication system towards 2020 (IMT-2020) since 2013 [8]. Third
Generation Partnership Project (3GPP) will start its study and
standardization work on IMT-2020 from March 2016 [9].
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Figure 1: Evolution map of mobile communications.

This paper discusses the vision of the mobile communication towards year 2020 first, and the capabilities of 5G
system are derived on condition that a sustainable ecosystem
of mobile communication system could be built to meet the
market demand of year beyond 2020.

2. Vision for Mobile Communication
towards 2020
The global deployment of LTE cultivates the mobile users to
be used to the mobile data in their daily life tremendously. The
video service and social applications, for example, WeChat,
Facebook, and Twitter, have changed our life very much with
the capabilities of LTE, especially high data rate and low
latency. It is believed that the mobile communication will
penetrate into every element of future society and create
an all-dimensional, user-centered information ecosystem. A
fully mobile and connected society is expected in the near
future, which will be characterized by a tremendous amount
of growth in connectivity, traffic volume, and a much broader
range of usage scenarios [10].
Accordingly, the Mobile Broadband (MBB) service and
the Internet of Things (IoT) will be the two main drivers in
the future development of mobile communications, and they
will provide a broad prospect for the next generation mobile
communication system (5G), the overall vision of which is
depicted in Figure 2.
Mobile Broadband service disrupted the traditional business model of mobile communications, enabling unprecedented user experiences and making a profound impact on
every aspect of people’s work and life. Looking ahead to year
2020 and beyond, MBB service will promote the continued

evolution of the way humans interact and provide users with
ultimate experience through more immersive services such
as augmented reality, virtual reality, ultra-high-definition
(UHD) 3D video, and mobile cloud. The further development
of mobile Internet will trigger the growth of mobile traffic by
a magnitude of thousands in the future and promote a new
wave of upgrades and a revolution in mobile communications
technologies and the industry as a whole.
Looking ahead to the year 2020 and beyond, there will be
explosive growth in mobile data traffic as shown in Figure 3.
It is estimated that the global mobile data traffic will grow
by more than 200 times from 2010 to 2020 and by nearly
20,000 times from 2010 to 2030. In China, the growth factors
are projected to be even higher, with mobile data traffic
being expected to grow by more than 300 times from 2010
to 2020 and by more than 40,000 times from 2010 to 2030.
For developed cities and hotspots in China, the growth of
mobile data traffic will exceed the projected average growth
for all of China. For example, from 2010 to 2020 in Shanghai,
the mobile data traffic is projected to grow by 600 times.
In Beijing and during this same period, it is estimated that
hotspot traffic may grow by up to 1,000 times.
The IoT has extended the scope of mobile communications services from interpersonal communications to
smart interconnection between things and between people
and things, allowing mobile communications technologies to
penetrate into broader industries and fields. Looking ahead
to the year 2020 and beyond, applications such as mobile
health, Internet of Vehicles (IoV), smart home, industrial
control, and environmental monitoring will drive the explosive growth of IoT applications, facilitating hundreds of
billions of devices to connect to a network creating a true
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Figure 2: Overall visions of 5G [10].

smart phones will contribute most of the traffic and IoT
terminals will contribute less, even though the number of
devices is much larger.
Towards year 2020 and beyond, the typical trends could
be summarized as follows.
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Figure 3: 2010–2030 growth of mobile data traffic [10].

“Internet of Everything.” This will give rise to emerging
industries of unprecedented scale and instill infinite vitality
to mobile communications. Meanwhile, the massive amount
of interconnected devices and the diversified IoT services will
also pose new challenges to mobile communications.
As illustrated in Figure 4, the total number of devices
connected by the global mobile communications network
will reach 100 billion in the future. By 2020, it is projected that
the number of mobile terminals around the world will surpass
10 billion, of which China will contribute over 2 billion. The
number of IoT connections will also expand rapidly, reaching
the size of the global population of 7 billion in 2020, of which
China will contribute 1.5 billion. By 2030, the number of
global IoT connections will reach 100 billion, of which China
will make up over 20 billion. Among all types of terminals,

(i) Explosive Growth of Data Traffic. There will be explosive growth in traffic; the global data traffic will
increase by more than 200 times from 2010 to 2020
and about 20000 times from 2010 to 2030.
(ii) Great Increase of Devices in Connection. While smart
phones are expected to remain as the main personal devices, the number of other kinds of devices,
including wearable devices and MTC devices, will
continuously increase.
(iii) Continuous Emergence of New Services. Different
kinds of services, for example, services from enterprises, from vertical industries, and from Internet
companies, will be exploited.
To meet the service and market demand towards year
2020 and beyond, the IMT-2020 is targeted to be deployed by
year 2020 (5G) and meet new and unprecedented demands
beyond the capability of previous generation systems. 5G
will break through the limitation of time and space to
enable an immersive and interactive user experience. 5G will
also shorten the distance between human and things and
implement seamless integration to achieve an easy and smart
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Figure 4: 2010–2030 growth of mobile device and IoT connection (unit: billion) [10].

interconnection between people and all things. 5G will provide users with fiber-like access data rate and “zero” latency
user experience. 5G will be capable of connecting 100 billion
devices. 5G will be able to deliver a consistent experience
across a variety of scenarios including the cases of ultra-high
traffic volume density, ultra-high connection density, and
ultra-high mobility. 5G will also be able to provide intelligent
optimization based on services and users awareness and will
improve energy and cost efficiency by over a hundred of
times, enabling us all to realize the vision of 5G, “information
a finger away, everything in touch.”

3. Services, Scenarios, and
Performance Challenges
As described in Figure 2, the future mobile communication
system will penetrate to every corner of the society and bring
us the immersive user experience. To derive the requirements
for the 5G system, the typical service and user demand will
be the mandatory requirements for the 5G, while the typical
deployment scenarios will also bring some bottlenecks to
be solved by 5G system, especially from the domestic and
commercial application perspective, for example, the cost
and efficiency. This section identifies the service and user
demands beyond year 2020 according to the possible popular
services and user behavior in 5G era and derives the specific
requirements of 5G system from the typical usage scenarios
perspective.
3.1. Services and User Demands. Mobile Internet is aiming
at people-oriented communications with a focus on user
experience. Towards the year 2020 and beyond, the increasing
popularity of ultra-high-definition (UHD) and 3D and video
immersion will significantly drive up the data rates. For
example, with a hundredfold compression, the transmission
of 8 K (3D) video will require a transmission rate close to
1 Gbps. Services, such as augmented reality, desktop cloud,
and online gaming, will not only pose a challenge for uplink
and downlink data transmission rates but also generate
stringent demand for the so-called imperceptible latency. In
the future, vast amounts of individuals and office data will be

stored in the cloud. Such massive data activity will require
transmission rates to be comparable to optical fiber communications, which will lead to enormous traffic challenges
for mobile communications networks particularly in hotspot
areas. Over-the-top (OTT) services, such as social networking, will be counted among leading applications going forward, and the associated frequently occurring small packets
will devour signaling resources. At the same time, consumers
will continue to demand better experiences on mobile
communications wherever they are. A consistent service
experience is expected in all kinds of scenarios, including
ultra-dense scenarios such as stadiums, open-air gatherings
and concerts, and high-speed moving scenarios such as highspeed trains, vehicles, and subways.
IoT is focused on communications between things and
between things and people, involving not only individual
users, but also a large number of various vertical industrial
customers. The IoT services types and relevant requirements
of IoT services are very diverse. For services such as smart
home, smart grid, environmental monitoring, smart agriculture, and smart metering, the network will be required to support a massive amount of device connections and frequently
occurring small data packets. Services like video surveillance
and mobile health will have strict requirements on transmission rates, while services such as IoV and industrial control
will demand millisecond-level latency and nearly 100% reliability. In addition, many IoT devices may be deployed in
remote areas such as mountains, forests, and bodies of waters
or in areas where transmission losses can be a problem, such
as indoor corners, basements, and tunnels. Therefore, the
coverage of mobile communications network needs to be further enhanced. In order to penetrate into more IoT services,
5G should be more flexible and more scalable, to support
massive device connections and meet diverse user requirements.
Users expect better, yet more cost-effective, services and
experiences with mobile Internet and the IoT. In addition to
satisfying cost and experience demands, 5G will also need to
meet extremely high security requirements, particularly for
services such as e-banking, security monitoring, safe driving,
and mobile health. 5G will also be able to support lower power
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Figure 5: Challenging scenarios and performance.

consumption to build a greener mobile communication
network and to enable much longer terminal battery life,
especially for some IoT devices.
3.2. Scenarios and Performance Challenges. 5G will touch
many aspects of life in the future, such as residence, office,
leisure, and transportation. The 5G scenarios include at
least dense residential areas, office towers, stadiums, openair gatherings, subways, fast ways, high-speed railways, and
wide-area coverage. These scenarios, which are characterized
by high traffic volume density or high connection density or
high mobility, may be quite challenging for 5G as described
in Figure 5.
Some typical services, such as augmented reality, virtual
reality, ultra-high-definition videos, cloud storage, Internet of
Vehicles, smart home, and OTT services, will occur in these
scenarios. The performance requirements for 5G are derived
for each scenario, according to the predicted distribution of

users, percentage of different services, and service requirements such as data rate and latency. The key performance
indicators for 5G are listed in Table 1, which include user
experienced data rate, connection density, end-to-end delay,
traffic volume density, mobility, and peak date rate.

4. Sustainability and Efficiency Requirements
To provide the immersive services to the users in an affordable way, the cost and efficiency of 5G system need to
be considered when it is deployed and maintained after
the commercial deployment. As forecasted in Figure 3, the
mobile data traffic by year 2020 could grow by more than 1000
times, while it is not possible for the user to pay for the mobile
data approximately to the data volume. To achieve this, the
high cost efficiency of the network will be a key to make a
successful 5G. To reduce the cost per bit of 5G, the spectrum
efficiency of 5G, the flexibility to adaptation to differentiated

6

Chinese Journal of Engineering
Table 1: 5G performance indicators.

Performance indicators

Definition

User experienced data rate (bps)
Connection density (/km2 )

The minimum achievable data rate for a user in real network environment
The total number of connected devices per unit area
The duration between the transmission of a data packet from the source node and the successful
reception at destination node
The total data rate of all users per unit area
The relative speed between receiver and transmitter under certain performance requirement
The maximum achievable data rate per user

End-to-end latency (ms)
Traffic volume density (bps/km2 )
Mobility (km/h)
Peak date rate (bps)

usage scenarios and services, and simplified network optimization and maintenance are highly expected from 5G.
4.1. Sustainability. Several problems are anticipated if today’s
networks are used to handle the explosive development of
mobile Internet and IoT as follows.
(i) The energy efficiency level, overall cost per bit, and
complexity of network deployment and maintenance
cannot effectively handle the 1000-time traffic growth
and a massive amount of connected devices in the
future next decade.
(ii) Coexistence of multiple radio access technologies
(RAT) causes increased complexity and degraded
user experience.
(iii) Existing networks cannot realize accurate monitoring
of network resources and effective awareness of services, and therefore they cannot intelligently fulfill the
diversified requirements of future users and services.
(iv) Widely distributed and fragmented spectrum will
cause interference and coexistence complexity.
To solve these problems, 5G should have the following
capabilities to achieve sustainability. In terms of network
construction and deployment, 5G needs to
(i) provide higher network capacity and better coverage,
while decreasing the complexity and cost of network
deployment, especially the deployment of ultra-dense
networks;
(ii) have a flexible and scalable architecture to adapt to the
diverse needs of users and services;
(iii) make flexible and efficient use of various spectrum resources, including paired and unpaired spectrum, refarmed spectrum and new spectrum, lowfrequency and high-frequency bands, and licensed
and unlicensed bands;
(iv) have stronger device-connection capabilities to deal
with the access requirements of huge amounts of IoT
devices.
In terms of operation and maintenance (O&M), 5G needs
to
(i) improve network energy efficiency and the O&M cost
per bit to cope with data traffic growth and the diverse
needs of various services and applications;

Table 2: 5G key efficiency indicators.
Efficiency indicators
Spectrum efficiency
(bps/Hz/cell or
bps/Hz/km2 )
Energy efficiency
(bit/J)

Definition
The data throughput per unit of spectrum
resource per cell (or per unit area)

The number of bits that can be
transmitted per joule of energy
The number of bits that can be
Cost efficiency (bit/Y)
transmitted per unit cost

(ii) reduce the complexity caused by the coexistence of
multiple radio access technologies, network upgrades,
and the introduction of new features and functions, to
improve users’ experience;
(iii) make intelligent optimization based on awareness of
users behavior and services contents;
(iv) provide a variety of network security solutions to
meet the needs of all types of devices and services of
mobile Internet and IoT.
4.2. Efficiency Requirements. Spectrum utilization, energy
consumption, and cost are the three key factors which
must be addressed in sustainable mobile communication
networks. In order to achieve sustainability, 5G needs to make
significant improvements in the following aspects:
(i) Spectrum efficiency: 3∼5 times.
(ii) Energy efficiency: 100+ times.
(iii) Cost efficiency: 100+ times.
The definitions of these efficiency indicators are listed in
Table 2.

5. Key Capabilities of 5G
5G systems must dramatically outperform previous generation systems. 5G should support the following:
(i) User experienced data rate: 0.1∼1 Gbps.
(ii) Connection density: 1 million connections per square
kilometer.
(iii) End-to-end latency: millisecond level.
(iv) Traffic volume density: tens of Gbps per square
kilometer.
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(v) Mobility: higher than 500 Km per hour.
(vi) Peak data rate: tens of Gbps.
Among these requirements, user experienced data rate,
connection density, and end-to-end latency are the three
most fundamental ones. Meanwhile, 5G needs to significantly
improve the efficiency of network deployment and operations. Compared with 4G, 5G should have 3 to 5 times’
improvement on spectrum efficiency and more than 100
times’ improvement on energy and cost efficiency.
The performance requirements and efficiency requirements define the key capabilities of 5G, which can be
illustrated as a “blooming flower” in Figure 6. The petals and
leaves rely on each other. The petals represent the six key
capabilities in terms of performance and can fulfill the diverse
requirements of future services and scenarios. The leaves
represent the three key capabilities in terms of efficiency and
can guarantee the sustainable development of 5G. The top of
each petal means the maximum value of the corresponding
capability.

6. Candidate Technologies and Spectrum
To achieve the above 5G requirement objectives, there are
some emerging technologies proposed by many organizations and companies including the following:
(i) Novel multiple access, such as SCMA (Sparse Code
Multiple Access), MUSA (Multiuser Shared Access),
PDMA (Pattern Division Multiple Access), and
RSMA (Resource Spread Multiple Access) (this kind
of technologies can increase the spectrum efficiency,

user experienced data rate, system capacity, and
connection density).
(ii) New waveforms, like filtered-OFDM, UFMC (Universal Filtered Multicarrier), window-OFDM, and so
forth, to maximize the spectrum utilization.
(iii) Massive MIMO technologies to increase the spectrum efficiency, user experienced data rate, and system capacity.
(iv) New channel coding such as polar code and LDPC
(Low Density Parity Check Code), to increase the
spectrum efficiency.
(v) Software defined air interface and end-to-end network slicing to increase the system flexibility to
support all kinds of services and to enhance the
overall network cost efficiency.
There are three solutions to satisfy the increasing spectrum demands for 5G services. Identification of more spectra
both below and above 6 GHz for IMT is the solution with
highest priority. Bands below 6 GHz are the core spectrum
bands used for IMT, with C band being a key band in the
near future. The second one is to refarm spectrum used by
legacy systems. The third one is to promote new technologies
to share spectrum of the other radio services.

7. Conclusions
5G will be able to sustainably satisfy the requirement of the
1000-time traffic growth. 5G will provide users with fiber-like
access data rate and “zero” latency user experience. 5G will
be capable of connecting 100 billion devices. 5G will be able
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to deliver a consistent experience across a variety of scenarios
including the cases of ultra-high traffic volume density, ultrahigh connection density, and ultra-high mobility. 5G will
also be able to provide intelligent optimization based on
services and users awareness and will improve energy and
cost efficiency by over a hundred of times, enabling us
all to realize the vision of 5G, “information a finger away,
everything in touch.”
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The characteristics of propagation channel at 23.5 and 45 GHz in an indoor conference room are studied based on hybrid approach.
A ray-based simulator which includes the reflection, penetration, diffraction, and diffuse scattering is adopted to generate the
massive channel realizations. This platform is well calibrated in path and power delay profile (PDP) levels according to some
specified measurements at different frequencies. Subsequently, according to the simulated channel samples, the statistical channel
model for both the large and small scale characteristics is established based on the alpha-beta approach and extended SalehValenzuela (S-V) structure, respectively. Results show that the slope of fitted path loss (PL) is less than free space due to the waveguide
effect for both 23.5 and 45 GHz in indoor scenario and larger PL is experienced at higher frequency. Additionally, the cluster is more
centralized with less spreads and decaying faster in delay domain at 45 GHz.

1. Introduction
For satisfying the increasing demands of the cellular system
capacity and overcoming the spectrum congestion below
6 GHz, the millimeter wave is considered as a promising candidate for the fifth-generation (5G) communication systems
[1–3]. Since the channel models have significant influences
on the simulation for the performance evaluation of wireless
communication techniques, the channel investigations at
high frequency have been popular in both industry and
academia.
In general, two mainstream methods, that is, measurement-based stochastic and ray-based deterministic
approaches, are adopted to construct reliable channel models.
Conventionally, the measurement-based approach dominates the channel investigation at low frequencies, namely,
below 6 GHz. Many classical statistical channel models, such
as WINNER II, 3GPP SCM, and ITU, are established in this
way [4–6]. At high frequencies, due to the large propagation
loss, the channel measurement campaigns, which were
conducted by the platform equipped with horn antennas with
large gain, are becoming popular [2, 7–9]. However, many

drawbacks are also introduced; that is, the time consumption
of the measurement is drastically increased; since that, the
horn antennas need to be rotated for all azimuth-elevation
pairs to capture the channel spatial characteristics at both Tx
and Rx sides. And sufficient channel samples are difficult to be
collected within the coherent time. Meanwhile, the resolution
in spatial domain is limited by the rotation step of the antenna
in measurement (usually equal to the half-power beamwidth
(HPBW) of the horn antenna) and the radiation patterns
are also slightly overlapped when the antennas are directed
to different angles. It is difficult to eliminate the effects of
antenna pattern when studying pure channel characteristics
in both large and small scale. Therefore, the accuracy of the
measurement-based model would not be persuasive as well.
Currently, researches show that the propagation channel
in high frequency can be well reproduced by considering
a few number of paths originating from different mechanism, that is, specular reflection, diffraction, and background
scattering, due to the much more severe propagation and
penetration loss [11, 12]. Thus, the ray-based deterministic
modeling approaches with lower complexity have been found
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Figure 1: Diagram of the proposed hybrid modeling approach.

to be more suitable for studying the high-frequency channels
since they are more flexible to be implemented in various
cases under different configurations. Besides, the channel
evolutionary behavior over time and spatial domains can be
more accurately represented for new algorithm evaluation,
that is, beam-tracking. However, the accuracy of ray-based
model highly depends on the fineness of the digitized map
and the calibration of the RT method is well done, that is,
electromagnetic properties of the materials and the order of
the interactions implemented in the simulation.
Considering the efficiency and accuracy of the channel modeling, a hybrid approach involving the intrinsic
advantages of both measurement- and ray-based method
is proposed in this paper. The diagram of procedures for
this method is shown in Figure 1 and total 5 main steps are
involved:
(1) The selected scenario refers to a specified case or
a kind of scenes with well defined geometric and
electromagnetic properties.
(2) The behaviors of the dominant components (dominant component refers to the specular rays with larger
power, which are usually originating from direct LoS,
reflection, and diffraction), that is, the distribution
and time- or spatial-evolutionary characteristics, are
well reproduced since they are directly calculated in
the deterministic way.
(3) The statistical model stands for the features of propagation channel in cluster level. It can be obtained
from massive channel samples which are taken from
measurement or simulation based on a calibrated
method. This part will be elaborated as in this paper.
(4) The random component represents the influence of
human blockage (human blockage represents that one
ray is blocked due to the existence of human and this
effect can be studied in both larger scale and small
scale level. In the large scale level, the human blockage
can be modeled as additional shadow fading and, in
small scale level, the influence on the propagation
ray is studied [13–15]. Considering the application
in high frequency, the second way is preferable) and
blink rays (the blink ray refers to the ray originated
from the randomly existing objects, i.e., the vehicle
in outdoor cases and the ornaments in the indoor
scenes, and these kinks of rays are mostly single
bounce) in specified cases. These phenomenons are
difficultly investigated by measurement due to the
various configurations, and establishing statistical
models based on the extensive simulation results is a
preferable way.

(5) Finally, the obtained pure channel can be applied
according to specified demand; that is, the channel
can be combined with different antenna pattern,
system configurations.
The rest of the paper is organized as follows. In Section 2,
the data acquisition based on measurement and ray-tracing
are introduced briefly. Section 3 elaborates the performance
evaluation of the ray-tracing based on measurement data in
different frequency. The modeling results and comparison are
presented in Section 4. Finally, conclusive remarks are given
in Section 5.

2. Data Acquisition
2.1. Measurement Campaign. The channel measurement is
conducted in a typical indoor conference room located in the
wireless valley, Nanjing, China. The panorama of the environment is depicted in Figure 2. Measurements have been carried
out in a static configuration; that is, the transmitter (Tx) was
located in a high corner of room to emulate an access point,
and the receiver (Rx) as shown in Figure 2 has been moved in
10 and 30 different locations at 45 and 23.5 GHz, respectively.
For each position, the channel frequency response has
been recorded by using the automatic channel sounding
system [16]. An Agilent signal generator E8257D was used
in Tx site and an Agilent VNA N5245A in frequency-sweep
mode was adopted to collect the channel frequency response
in Rx site. Both of them are synchronized by the common
reference signal source. The measurement procedure and
data storage were controlled by a computer. Two verticalpolarized horn antennas were installed on the customermade rotary tables at both the Tx and Rx terminals. At
each Rx position, the spatial channel information is captured
by rotating the Tx and Rx in both azimuth and elevation
domains successively. The measurement configurations are
listed in Table 1 and more details about the measurement
campaign can be found in [16]. The peak detection method
is used to identify the path in delay domain, and the spatial
parameters are assigned according to the boresights of rotated
antenna pairs with the spatial resolution limited by the
rotating step.
2.2. Ray-Tracing Simulation. A self-developed ray-tracing
(RT) software was implemented in this research. Total three
main steps are involved to generate the channel realizations,
that is, constructing the 3D digital map for specified scenario,
calculating the geometric trace for each ray, and adopting the electromagnetic properties according to simulation
configurations. The digitized map is built by measuring
the geometric parameters of all the major objects (such as
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Figure 2: Panorama of the indoor measurement environment.

Table 1: Channel sounding configurations.
Parameter
Center frequency
Bandwidth
Transmit power
Antenna type
Antenna gain
Half-power beamwidth
Sweep frequency points
Sweep frequency duration
Cycles per measurement
Tx height
Rx height

Settings
23.5 GHz
660 MHz
10 dBm
Linearly polarized horn antenna
23.7 dBi
18.9 dBi
18.2∘
11∘
256
80 ms
8
1.95 m
1m
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Figure 4: Illustration of the specular paths simulated by ray-tracing
for the specified scenario.
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Figure 3: Digitized map for the specified scenario.

walls, tables, bookshelves, coated glasses, etc.) in the room.
Then, a commercial software “Sketchup Pro” [17] is used to
reconstruct the scenario as shown in Figure 3.
The propagation paths which originate from the propagation mechanisms of line-of-sight (LoS), reflection, diffraction, and penetration, are identified by the aforementioned
3D image-based RT platform. The complex coefficients of
LoS and reflected and diffracted ray are calculated according
to the free-space Friis equation, Fresnel formulas, and the
uniform theory of diffraction (UTD) [18–20], respectively.

Meanwhile, at high frequencies, the nonnegligible diffuse
scattering, which refers to the back-reflection from rough
surfaces or nonhomogenous materials, is implemented by
adopting the directive scattering pattern based on the “effective roughness” (ER) scattering model [21–24]. The rough
surfaces of each object are discretized into multiple small
tiles, and for each tile the far-field assumption should be
satisfied. Under noncoherent assumption, the phase of each
scattering path is randomly assigned.
The digitalized map of this scene is shown in Figure 3 with
the color-coded materials. The calibrated electromagnetic
properties (i.e., relative permittivity and conductivity) at
specified frequency are adopted [25]. At most, 3 reflections,
1 diffraction, and 1 scattering together with 10 penetrations
are considered in our simulation by considering the tradeoff between modeling accuracy and complexity. An example
of the simulated specular paths by using ray-tracing tool
is illustrated in Figure 4. The other configurations such as
bandwidth, transmit power, and antenna radiation patterns
are the same as the measurement for further RT calibration.
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3. Performance Evaluation of
the RT Simulator
Before conducting the extensive simulations to generate the
channel realizations, the RT software is calibrated in two
aspects with different measurement configurations. According to the proposed hybrid channel model approach shown in
Figure 1, the framework of the propagation channel is determined by the dominant components, so the specular path
level comparison between the measurement and simulation
is done firstly.
Figure 5 illustrates the ray comparison between measurement and simulation. The blue lines with arrow refer to the
direction of the ray obtained from the measurement, and the
red solid lines illustrate the trace for the same path based on
RT simulator. It can be found that the dominant paths, that is,
LoS and double bounces reflection paths, are well matched.
The slight mismatches in the direction are observed since
the spatial resolution of the measurement is limited by the
antenna rotation step. This phenomenon also demonstrates
that the performance of current measurement-based channel
modeling approach is easily affected by the measurement
configurations.
The power-delay-profile (PDP) which depicts the power
decaying phenomena along the travel distance is used as
a common metric for the evaluation of multipath channel
simulation. The measurement-based PDP is derived from the
captured channel frequency response as
𝑃 (𝜏) = |ℎ (𝜏)|2 ,
ℎ (𝜏) = F−1 [𝐻 (𝑓)] ,

(1)

where 𝐻(𝑓) is the channel transfer function in the frequency
domain, ℎ(𝜏) means the channel impulse response (CIR)
in the delay domain, and F−1 denotes the inverse Fourier
transfer. Simulation results are obtained from the RT software
with the calibrated parameters, that is, directivity 𝛼 = 1 and
𝛼 = 10 for 23.5 GHz and 45 GHz, respectively, with the same
scattering coefficient 𝑆 = 0.8, in ER model. The verifications
for these parameters in diffuse scattering are conducted
by calculating the minimum mean square error (MMSE)
between the measured and simulated PDP. The parameter
values which lead to the smallest MMSE are adopted as in
[11, 22, 26].
The comparison of the PDPs is shown in Figure 6, where
the the measured PDP, simulation results of specular RT
(the specular RT refers to the RT only involving the LoS,
penetration, reflection, and diffraction, no diffuse scattering
effect is considered), and the combination of the specular RT
and scattering are demonstrated. It can be observed from the
comparison results that (1) most of the dominant components are captured by ray-tracing simulation, (2) the specular
peaks in the PDP are extended to cluster-alike dispersive
components and more realistic and continuous PDPs are
obtained by adopting scattering phenomenon in RT method.
and (3) some strong components around 100 ns and 70 ns can
also be found in the PDP of 23.5 and 45 GHz, respectively.
By comparing the room size with the large travel distance
for these paths, we speculate that wave reverberation is also
significant in such kind of indoor room. Therefore, multiple
bounces paths, that is, diffuse scattering or specular reflection
combined with scattering [22, 27], should be implemented in
RT if the time consumption for simulation is acceptable.
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Figure 6: Comparison of the power delay profiles.

Table 2: Path loss and shadow fading.
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Parameters

Path loss (dB)

80

Path loss
𝜎SF

23.5 GHz
45 GHz
LoS
NLoS
LoS
NLoS
(15.38, 63.72) (17.81, 70.45) (13.73, 69.86) (18, 74.46)
0.89
1.53
0.97
1.57

75
70

4.1. Larger Scale Channel Model. The path loss (PL) for both
frequencies and scenarios is described by the alpha-beta
model as [28]

65
60

0.2

0.4
0.6
0.8
Distance (log(m))

Simulated PL at 23.5 GHz
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Figure 7: Path loss comparison in LoS scenario.

4. Modeling Results
After the validation of the RT tool, it is further adopted to
generate massive channel samples. In the extensive simulations, ideal isotropic antennas are used in both Tx and Rx
sides. The Tx is stable at the location as shown in Figure 4 and
the Rx is assumed to move within the whole room with a step
of 0.2 m. Totally, 4500 snapshots of channel data are collected
and the statistical channel model for both large and small
scale parameters are established based on these samples.

PL (𝑑) = 𝛼 ⋅ log (𝑑) + 𝛽 + 𝜎SF ,

(2)

where 𝑑 means the distance between Tx and Rx. 𝛼 and 𝛽 are
the slope and intercept for the fitted path loss, respectively. 𝜎SF
stands for the standard deviation of the shadow fading (SF)
following the log-normal distribution with the mean equal to
zero.
The comparisons of PL in LoS and NLoS at different
frequency are depicted by Figures 7 and 8, respectively.
Comparing with the 23.5 GHz, larger PLs can be found at
45 GHz in both LoS and NLoS cases. Due to the waveguidelike effect in indoor environment, the slopes of all fitted PL
are less than free space [29, 30]. Since the distributions of the
samples are dispersive in both 23.5 and 45 GHz, severer SFs
are also observed in NLoS scenarios and the detail of fitted
parameters are listed in Table 2.
4.2. Small Scale Channel Model. For good understanding of
the channel characteristics, the signal model of the channel
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Figure 8: Path loss comparison in NLoS scenario.
1
0.9

impulse response (CIR) is implemented to analyze the small
scale parameters as

0.8
0.7

𝐾

ℎ (𝑡, Θ) = ∑ ∑ 𝛼
𝑙=1 𝑘=1

(𝑙,𝑘)

⋅ 𝛿 (𝑡 − 𝜏

(𝑙,𝑘)

) ⋅ 𝛿 (𝜙Tx −

(𝑙,𝑘)
𝜙Tx
)

0.6

(3)

(𝑙,𝑘)
(𝑙,𝑘)
(𝑙,𝑘)
⋅ 𝛿 (𝜃Tx − 𝜃Tx
) ⋅ 𝛿 (𝜙Rx − 𝜙Rx
) ⋅ 𝛿 (𝜃Rx − 𝜃Rx
),

where Θ = [𝛼, 𝜏, 𝜙Tx , 𝜃Tx , 𝜙Rx , 𝜃Rx ] represents the parameter
set consisting of complex channel coefficient, azimuth of
departure (AoD), elevation of departure (EoD), azimuth of
arrival (AoA), and elevation of arrival (EoA), respectively.
(𝑙, 𝑘) refers to the 𝑘th path in the 𝑖th cluster.
The clustering results of the simulated channel realizations, which are obtained based on 𝐾-power mean algorithm,
are used to establish the statistical channel model under
extended S-V framework [31, 32]. The distributions of the
inter- and intracluster parameters, that is, cluster arrival rate
(Λ), cluster decay factor (Γ), cluster log-normal standard
deviation 𝜎1 , power of first ray, ray arrival rate 𝜆, ray decay
factor (𝛾), directional spreads (AoA, EoA, AoD, and EoD),
and ray log-normal 𝜎2 , are investigated empirically and these
best fitted distributions for all parameters are selected based
on Kolmogoroff-Smirnoff (K-S) test.
Figures 9 and 10 depict the comparison of the cluster
AoA spread for both 23.5 and 45 GHz in LoS and NLoS scenarios, respectively. The Gamma distribution with different
parameters is adopted to fit these results. Comparing with the
results at 23.5 GHz, smaller cluster AoA spread is observed
at 45 GHz and the same trends are found for other angular
spreads. It means that the cluster is more concentrated in
spatial domain at high frequency. Meanwhile, the spreads
in elevation domain is less, but not significant, than the
results in azimuth domain, which means that the channel
diversity in the elevation domain is nonneglectable, especially
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Figure 10: CDF comparison AoA spread of rays within cluster in
NLoS.

in the indoor scenarios with small geometric size. From
the simulation results, we also find that the cluster angular
spreads in NLoS case are smaller comparing with LoS case.
This is strange but reasonable by further investigating the
environment settings in our simulation. As shown in Figure 5,
the Tx locates at half part of the conference and the the
whole room is naturally separated as LoS and NLoS by the
wall in the middle. For the UE in the NLoS, the propagation
rays mainly originate from the penetration through the wall
and reflection from the coated glass as shown in Figure 3.
Due to the larger propagation, penetration loss, and limited
reflections, the incident angular range and power of the
received rays are less than the UE in LoS, and it leads to
smaller angular spreads.
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Figure 12: CDF comparison ray arrival rate in NLoS.

5. Conclusions
The same comparisons for the ray arrival rate within the
cluster are demonstrated in Figures 11 and 12. The obtained
results are fitted by the Rician distribution and smaller 𝜆 is
found at 45 GHz for both LoS and NLoS cases. Figures 13
and 14 illustrate the general trends of the ray decay factor in
different cases and the Gaussian distribution is used to model
the simulated results. From these figures, we can find that
the rays within cluster decay faster at 45 GHz with regard to
the 23.5 GHz. The aforementioned comparison results for 𝜆
and 𝛾 show that the cluster at 45 GHz is more concentrated
than 23.5 GHz. More details about the statistical model can
be found in Table 3.

In this contribution, a hybrid channel modeling approach,
which involves the advantages of both deterministic simulation and measurement-based statistical analysis, was proposed. The calibrations of the RT simulator were firstly done
in path and PDP levels through the comparison among
simulation and measurement results. And the calibration
results showed that the effect of diffuse scattering is also
important at high frequencies. Subsequently, the statistical
model for large and small scale channel parameters was
established according to the obtained massive simulated
channel realizations. It has been found that the PL is larger
and the cluster is more concentrated at 45 GHz.
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Table 3: Statistical channel model for 45 and 23.5 GHz based on S-V structure.

Parameters
Power of first ray
Cluster arrival rate Λ [ns]
Cluster decay factor Γ [ns]
Cluster lognormal std 𝜎1 [dB]
Ray arrival rate 𝜆 [ns]
Ray decay factor 𝛾 [ns]
Cluster AoA spread (deg)
Cluster EoA spread (deg)
Cluster AoD spread (deg)
Cluster EoD spread (deg)
Ray lognormal std 𝜎2 [dB]

Fitted distribution
Gamma
Uniform
Gaussian
Rician
Gaussian
Gamma
Gamma
Gamma
Gamma

23.5 GHz
LoS
(0.05, 5.00)
(7.32, 33.47)
(2.28, 2.17)
1.65
(0.13, 0.81)
(2.05, 1.90)
(3.85, 1.70)
(3.65, 1.40)
(5.11, 1.40)
(4.62, 1.30)
0.45
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This paper discusses the multiuser beamforming in FDD massive MIMO systems. It first introduces the feature of FDD massive
MIMO systems to implement multiuser beamforming schemes. After that, considering the realistic implementation of multiuser
beamforming scheme in FDD massive MIMO systems, it introduces the knowledge of channel quantization. In the main part of
the paper, we introduce two traditional multiuser beamforming schemes and analyse their merits and demerits. Based on these, we
propose a novel multiuser beamforming scheme to flexibly combine the merits of the traditional beamforming schemes. In the final
part of the paper, we give some simulation results to compare the beamforming schemes mentioned in the paper. These simulation
results show the superiority of the proposed beamforming scheme.

1. Introduction
As of the exponential increasing load of wireless communications networks, research on network architecture and
quality of service has been done in various fields [1–3].
As for communication systems, one of the most important
problems is that the capacity of them becomes insufficient. In
order to solve the problem, the concept of massive multiple
input multiple output (MIMO), where the system employs
unprecedented numbers of antennas to simultaneously serve
dozens of user equipment (UE), was proposed [4].
A large number of surveys on massive MIMO have been
done by communication researchers [5–8]. Both theoretical
and measurement results indicate that massive MIMO is
capable of achieving huge spectral efficiency by applying
multiuser beamforming (MU-BF) schemes. The two most
prominent beamforming schemes are maximum ratio transmission (MRT) and zero-forcing (ZF), which require the
instantaneous channel state information at the transmitter
(CSIT) [9–11].
Owing to the channel reciprocity in time-division duplex
(TDD) massive MIMO systems, it is feasible to obtain
the instantaneous CSIT, while the CSIT acquisition is a
great challenge in frequency-division duplex (FDD) massive
MIMO systems.

In FDD massive MIMO systems, the two largest problems
are reference signal (RS) design and codebook design. A
great deal of research has been done to solve the problems
[12–14]. However, no matter RS design or codebook design,
there exists an intractable problem: there has not been a
good way for the BSs to simultaneously serve more than two
UEs in the same time-frequency resources in FDD massive
MIMO systems, as it is hard to select a subset of users due to
high computation complexities with the large number of 3D
codebooks.
In order to fully exploit the potential of massive MIMO
in FDD systems, a beamforming (BF) scheme exploiting the
spatial correlation (SC) was proposed [15]. Although SC-BF
can simultaneously schedule tens of UEs, the system performance is poor. To further boost the system performance of
SC-BF, we proposed a novel BF scheme based on both the
SC and signal leakage (SCSL), which can balance the system
performance and overhead of reference signal (RS) [16].
However, the main idea of SCSL-BF is to maximize the signalleakage-to-noise ratio, but when the scheduled users are large,
the main factor that restricts the performance of massive
MIMO system is the interference among scheduled users.
Therefore, the system performance gain of SCSL-BF is not
large enough. In addition, the calculation of SCSL requires

2
the whole-dimension channel matrix; thus, the calculation
complexity of it is very high.
In this paper, we consider that the BSs feed back
quantized-channel-codebook index. Based on the quantized
channel, we put forward a SC and interference suppression
(SCIS) based MU-BF scheme, to make it feasible for the
BSs to simultaneously schedule tens of UEs in FDD massive
MIMO systems. The proposed BF scheme only needs partial
CSIT, which can be derived by transmitting some affordable
RSs. Therefore, the RS overhead in FDD massive MIMO
systems is flexible. With the partial CSIT, SCIS-BF can be
transformed from SC-BF by a transformation matrix and a
rotation angle. The transformation matrix can be deduced
through Householder rotation, and the rotation angle can
be derived by transmitting a RS in the downlink. Moreover,
based on the quantized-channel-codebook and quantizedchannel-selection approach given in this paper, we evaluate
the performance of the proposed SCIS-BF scheme with
different levels of feedback overhead, and numerical results
indicate that SCIS-BF performs better than SC-BF when UEs
only feed back a few bits of quantized-channel-codebook
index.
The remainder of the paper is organized as follows.
Section 2 describes the system model. The details of the proposed SCIS-BF scheme are presented in Section 3. Section 4
evaluates the performance of SCIS-BF and Section 5 concludes this paper.
Notations. We use boldface capital letters X for matrices,
boldface small letters x for vectors, and small letters 𝑥 for
scalars. E{⋅} is the expectation operator and C and N denote
the set of real and complex numbers with specified dimensions. [⋅]T , [⋅]H , and [⋅]−1 denote the transpose, the Hermitian
transpose, and the inverse, respectively. I𝑁 represents an
identity matrix of size 𝑁, and x ∼ CN(u, R) indicates that x is
a circularly symmetric complex Gaussian vector with mean u
and covariance matrix R.

2. System Model
As depicted in Figure 1, this paper focuses on FDD massive MIMO systems, where the BSs communicate with
𝐾 single-antenna users simultaneously. The users in each
cell receive the signal transmitted from BS of the cell,
and at the same time, they suffer from both the intercell
interference and the intracell interference. Figure 2 is the
transmission model of each BS. As Figure 2 shows, in each
cell, the BS transmits RSs in the downlink; then with
the received signals, the users estimate the channels and
feed back a 𝐿-bit quantized-channel-codebook index in the
uplink.
2.1. 3D Antenna Modeling. In this part, we mainly introduce
the antenna modeling of the 3D channel used in this paper
[17]. In the 3D channel model, 2D planar antenna array
is considered. As to the planar antenna array, the spatial
correlation is affected by the radiation pattern as well as the
distance of antenna elements, regardless of the electromagnetic coupling between antenna elements and the effects of
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Figure 1: System model.

impedance mismatch. As depicted in Figure 3, the directional
antenna elements radiation pattern is denoted as [18]
𝐴 (𝜙, 𝜃) = − min {− [𝐴 𝐸,𝐻 (𝜙) + 𝐴 𝐸,𝑉 (𝜃)] , 𝐴 𝑚 } ,
𝐴 𝐸,𝐻 (𝜙) = − min [12 (

𝜙
𝜙3 dB

2

) , 𝐴 𝑚] ,

(1)

2

𝐴 𝐸,𝑉 (𝜃) = −min [12 (

𝜃 − 90∘
) , SLA𝑉] ,
𝜃3 dB

where 𝜙 and 𝜃 are azimuth angle and zenith angle. 𝐴 𝐸,𝐻(𝜙)
and 𝐴 𝐸,𝑉(𝜃) are the horizontal pattern and elevation pattern
antenna gain, and 𝐴 𝑚 and SLA𝑉 denote the maximum attenuation and the slide lobe attenuation in vertical direction,
respectively.
2.2. Channel Model. In this paper, we select the 3GPP
3D channel as the reference channel [17]. Denote h𝑘 =
̃ R1/2 ∈ C1×𝑁 as the channel vector from the BS to
h
𝑘 𝑘
̃ ∼ CN(0, I ) contains independent and
user 𝑘, where h
𝑘
𝑁
identically distributed (i.i.d.) elements and R𝑘 represents the
transmit correlation matrix. The elements of R𝑘 , namely,
[R𝑘 ]𝑝𝑞 ∀𝑝, 𝑞 ∈ {1, 2, . . . , 𝑁}, are defined as
H

[R𝑘 ]𝑝𝑞 =

E {[h𝑘 ]𝑝 [h𝑘 ]𝑞 }
H

H

√E {[h𝑘 ]𝑝 [h𝑘 ]𝑝 } E {[h𝑘 ]𝑞 [h𝑘 ]𝑞 }

.

(2)

In terms of 3D beamforming steering direction, the
transmit correlation matrix can also be defined as
[R𝑘 ]𝑝𝑞 =

[RC ]𝑝𝑞
√[RC ]𝑝𝑝 [RC ]𝑞𝑞

,

(3)
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z

quantized-channel codebook is based on DFT. Suppose that
the BSs select 𝑛 antennas to transmit RSs and the number of
quantized-channel vectors in the codebook is 𝑁c = 2𝐿 , where
𝐿 denotes the number of feedback bits of codebook index.
̂ based on DFT can be
Then the quantized-channel vector h
𝑚
expressed as

Planar antenna array

···
(M − 1, 0) (M − 1, 1)
..
.

..
.

(M − 1, N − 1)

̂ = 1 [1, e𝑗2𝜋𝑚/𝑁c , . . . , e𝑗2𝜋𝑚(𝑛−1)/𝑁c ] ,
h
𝑚
√𝑛

..
.

···

(5)

where 𝑚 ∈ {1, 2, . . . , 𝑁c } denotes the quantized-channel
vector index in the codebook.
···
(1, 0)

(1, 1)

2.3.2. Quantized-Channel-Vector Selection. To select the
quantized-channel vector from the above-mentioned codebook, we firstly define h𝑘 ∈ C1×𝑛 as the partial channels of
̂ as the quantized-channel vector of h . Then the
user 𝑘 and h
𝑘
quantized error vector ̂𝜀𝑘 can be expressed as

(1, N − 1)

𝜃
y
𝜙
(0, 0)

(0, 1)

  ̂
̂𝜀𝑘 = h𝑘 − h𝑘 2 h.

(0, N − 1)

The criterion of quantized-channel-vector selection is to
̂ to minimize |̂𝜀 ̂𝜀H |. That is to say, select the quantizedfind h
𝑘 𝑘
̂ such that
channel vector h

x

Figure 3: 3D antenna model.

where RC is the transmit covariance matrix, which is given by
RC = ∯ 𝛼H (𝜙, 𝜃) 𝛼 (𝜙, 𝜃) 𝑃 (𝜙, 𝜃) 𝐴 (𝜙, 𝜃) 𝑑𝜙 𝑑𝜃.

(6)

(4)

In (4), 𝛼(𝜙, 𝜃) is the 3D steering row vector, 𝑃(𝜙, 𝜃) is the
power angular spread (PAS) of 3D channel, and 𝐴(𝜙, 𝜃) is the
aforementioned antenna pattern transformed to linear scale.
2.3. Channel Quantization
2.3.1. DFT-Based Codebook. In this part, we talk about
the channel quantization. A simple way to design the



̂ = arg max h h
̂ H  .
h
𝑚  𝑘 𝑚 

(7)

2.4. Downlink Transmission Model. Suppose x ∈ C𝐾×1 as
the transmitted symbol vector with E[xxH ] = I𝐾 and W =
[w1 , w2 , . . . , w𝐾 ] ∈ C𝑁×𝐾 as the beamforming matrix with
‖w𝑘 ‖2 = 1 (𝑘 = 1, 2, . . . , 𝐾); then the downlink transmission
model of user 𝑘 can be expressed as
𝑦𝑘 = h𝑘 Wx + 𝑛𝑘 = h𝑘 w𝑘 𝑥𝑘 + 𝑖𝑘 + 𝑛𝑘 ,

(8)

where 𝑛𝑘 ∼ CN(0, 𝜎2 ) is the additive white Gaussian noise
and 𝑖𝑘 denotes the interferences from other users.

4
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Based on the aforementioned channel model, the received
signal of user 𝑘 can be rewritten as
̃ R1/2 w 𝑥 + 𝑖 + 𝑛 .
𝑦𝑘 = h
𝑘 𝑘
𝑘 𝑘
𝑘
𝑘

(9)

3. BF Schemes in Massive MIMO Systems
In this section, we first review two conventional BF schemes,
namely, ZF-BF scheme and SC-BF scheme. Then, a novel BF
scheme exploiting both the SC matrix and partial channels
is proposed to synthesize the merits of the two types of BF
schemes.
3.1. Conventional Beamforming Schemes
3.1.1. Zero-Forcing Beamforming. The criterion of ZF-BF is
to eliminate the interferences among users. Define WZF =
[w1 , w2 , . . . , w𝐾 ] ∈ C𝑁×𝐾 as the ZF beamforming matrix and
H = [hT1 , hT2 , . . . , hT𝐾 ]T ∈ C𝐾×𝑁 as the channel matrix; then
WZF can be expressed as
−1

WZF = HH (HHH ) .

(10)

3.1.2. Spatial Correlation Beamforming. As for SC-BF, the
criterion is to maximize the signal power of the desired user
by exploiting the spatial correlation without considering the
interference to other users. From [19], we know that the
weight vector of SC-BF of user 𝑘 can be expressed as


wSC,𝑘 = arg max R𝑘1/2 w2 = k𝜆 max (R𝑘 ) ,
‖w‖2 =1

(11)

where k𝜆 max (R𝑘 ) denotes the eigenvector corresponding to the
largest eigenvalue 𝜆 max of R𝑘 .
Compared to ZF-BF, SC-BF only needs the quasi-static SC
matrix, which can significantly simplify the BF process and
release the dependence on the CSIT in LS-MIMO systems.
Nevertheless, the system performance degrades correspondingly.
3.2. Proposed Beamforming Scheme. Ignoring the subscript
of user index, notice that ‖wZF ‖2 = ‖wSC ‖2 = 1, and we
can construct a unitary transformation G to transform wSC
and make it close to wZF in order to improve the system by
exploiting partial channels.
That is to say, the proposed SCIS-BF weight vector wSCIS
satisfies
h=h

wSCIS = Gh wSC = e𝑗𝜔 w
̂ZF ,

3.2.1. Derivation of Transform Matrix. There exists a unitary
transformation matrix Gh such that
N=0

wSCIS

{ = wSC ,
= Gh wSC {
N={1,2,...,𝑁} 𝑗𝜔
=
e w
̂ZF .
{

(13)

with 𝑖 ∈ {1, 2, . . . , 𝑛}. We define N = {𝑁1 , 𝑁2 , . . . , 𝑁𝑛 } ⊂
{1, 2, . . . , 𝑁} as the index set of the selected 𝑛 antennas.
Therefore, we can construct the SCIS-BF weight vector by

(14)

̂T, h
̂T, . . . , h
̂ T ]T as the quantized̂ = [h
Proof. Denote H
1
2
𝐾
channel matrix of H; then the ZF beamforming matrix with
quantized partial channels can be expressed as [20]
−1

̂ H (H
̂H
̂H) ,
̂ ZF = H
W

(15)

̂ ZF = [̂
where W
wZF,1 , w
̂ZF,2 , . . . , w
̂ZF,𝐾 ] and w
̂ZF,𝑘 denotes
the ZF-BF weight vector of user 𝑘 with quantized partial
channels. For convenience, we ignore the subscript of user
index.
In the unitary space C𝑁×1 , we assume
𝑗𝜔
̂ZF ]𝑖 , 𝑖 ∈ {1, 2, . . . , 𝑛} ,
{[e w
[z]𝑖 = {
0,
others,
{

(16)

{[wSC ]𝑁𝑖 , 𝑖 ∈ {1, 2, . . . , 𝑛} ,
[wSC ]𝑖 = {
0,
others,
{

(17)

and define

and then resorting to Householder rotation, we can find two
unitary transform matrixes G1 and G2 such that
G1 z = ‖z‖2 e𝑗(𝜋/4) e1 ,

(18)



G2 wSC = wSC 2 e𝑗(𝜋/4) e1 ,

where e1 is the unit base vector with the first component equal
to 1. The proof is as follows.
Assume x ∈ C𝑁×1 and we define 𝑎 = ‖x‖2 e𝑗(𝜋/4) and
G(w) = (I𝑁 − 2wwH ), where
x − 𝑎e1
w = 
 .
x − 𝑎e1 2

(12)

̂ZF denotes a linear correlated vector of w
̂ZF and h
where e𝑗𝜔 w
is a part of the channel vector h, given by
[h]𝑖 = [h]𝑁𝑖 ,

deducing the transform matrix Gh and rotation angle 𝜔,
respectively.
Next, with the quantized-channel vector fed back in the
uplink, we will deduce transform matrix Gh and rotation
angle 𝜔 for a fixed index set N, respectively.

(19)

Then we can obtain
H

G (w) x = (I𝑁 − 2

(x − 𝑎e1 ) (x − 𝑎e1 )
)x

2
x − 𝑎e1 2
H

=x−2

(x − 𝑎e1 ) (x − 𝑎e1 ) x
H

(x − 𝑎e1 ) (x − 𝑎e1 )

,

(20)
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where (x − 𝑎e1 )H (x − 𝑎e1 ) meets

BS

2
(x − 𝑎e1 ) (x − 𝑎e1 ) = xH x − 𝑎xH e1 − 𝑎eH
1 x + |𝑎|

Channel

User i

H

[wSC ]N

H

= xH x − (𝑎xH e1 ) − 𝑎eH
1x
H

H

+ x x = 2 (x x −

(21)

RS

Antenna N

..
.

..
.

𝑎eH
1 x)
[wSC ]2

H

= 2 (x − 𝑎e1 ) x.

[wSC ]1

Finally, we can obtain

y
Antenna 2
Antenna 1

H

G (w) x = x − 2

(x − 𝑎e1 ) (x − 𝑎e1 ) x
H

(x − 𝑎e1 ) (x − 𝑎e1 )

(22)

H

=x−2

(x − 𝑎e1 ) (x − 𝑎e1 ) x
H

2 (x − 𝑎e1 ) x

= 𝑎e1 .

and we can get the following relation:

From the above proof we can derive that G1 z/‖z‖2 e𝑗(𝜋/4) =
G2 wSC /‖wSC ‖2 e𝑗(𝜋/4) = e1 . Define Gh = [G1 ]−1 G2 and it
satisfies the fact that


wSC 2
−1
(23)
z.
Gh wSC = [G1 ] G2 wSC = 
‖z‖2
Let wSCIS = Gh wSC , and we can arrive at
{[Gh wSC ]𝑖 , 𝑁𝑖 ∈ N,
[wSCIS ]𝑁𝑖 = {
(24)
others.
[wSC ]𝑁𝑖 ,
{
Therefore, with the quantized partial channels, we can finally
obtain
N=0

wSCIS = wSC

N={1,2,...,𝑁}

=

e𝑗𝜔 w
̂ZF .

(25)

Here, we have to note that the ZF-BF weight vector is
calculated from reduced-dimension channel matrix; thus,
the calculation complexity is adjustable and depends on
the antenna-selection proportion. Moreover, it is easy to
obtain the transformation matrix. As to SCSL-BF, the SLBF weight vector is calculated from the whole-dimension,
no matter what the antenna-selection proportion. Besides,
the transformation matrix of SCSL-BF needs many times of
matrix multiplication [13]. Therefore, compared to SCSL-BF,
the complexity to calculate SCIS-BF weight vector is relatively
low.
3.2.2. Calculation of Rotation Angle. The rotation angle in
expression (7) is given by
̂ w ) − ∠ (ĥ
̂w ) .
𝜔 = ∠ (hwSC − h
𝑠 SC
ZF

(26)

Proof. The calculation of the rotation angle 𝜔 needs a careful
̂ w = 𝑟e𝑗𝜃
consideration. From the above analysis, define ĥ
ZF
and
̂ , 𝑖 ∈ {1, 2, . . . , 𝑛} ,
{[h]
𝑖
̂] =
[h
𝑠 𝑖
{
0,
others,
{

Figure 4: RS transmission model to get hwSC .

(27)

𝑁

hwSCIS = ∑h𝑖 [wSCIS ]𝑖
𝑖=1

= ∑ h𝑖 [wSCIS ]𝑖 + ∑ h𝑖 [wSCIS ]𝑖
𝑖∈N

𝑖∉N



wSC 2 𝑗𝜔 ̂
̂w
≈
𝑒 h𝑠 z + hwSC − h
𝑠 SC
‖z‖2
wSC 
2 ĥ
̂w
̂ w 𝑒𝑗𝜔 + hw − h
=
ZF
SC
𝑠 SC
‖z‖2


wSC 2 𝑗𝜃 𝑗𝜔
̂w .
=
𝑟𝑒 𝑒 + hwSC − h
𝑠 SC
‖z‖2

(28)

In order to maximize |hwSCIS |, the rotation angle 𝜔 should
meet
̂ w ) − 𝜃.
𝜔 = ∠ (hwSC − h
𝑠 SC

(29)

Expression (29) indicates that we have to calculate hwSC ,
̂ w first in order to calculate the rotation angle.
̂ w , and ĥ
h
𝑠 SC
ZF
̂ is the quantized partial channel vector, which can be got
h
̂ can be calculated
by transmitting the affordable RSs and h
𝑠
from expression (27). Besides, we can calculate w
̂ZF and wSC
according to expressions (15) and (17), respectively. Therefore,
we only need to compute hwSC .
Although the BS is ignorant of the full channel vector
h, it can transmit a RS mapped by the SC-BF weight vector
wSC on each antenna, as depicted in Figure 4. At the receiver,
the UEs can receive a symbol containing the product of wSC
and the RS. After that, the UEs can feed back hwSC to the
̂ w , and ĥ
̂ w for
BS. Therefore, we can finally get hwSC , h
𝑠 SC
ZF
calculating the rotation angle 𝜔 while just taking one more
RS in FDD LS-MIMO systems. Here, we have to note that the
above wSC and hwSC are all supposed to be ideally obtained.
In the following sections, we also suppose that wSC can be
ideally obtained. We do not talk about the qualification and
feedback of it in this paper.
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Table 1: Parameters configuration.

Scenario
Carrier frequency
Bandwidth
User speed
Channel model
eNB transmit power
Antenna gain
Antenna element pattern
Antenna element interval
UE height
UE distribution
Noise density
Path loss/shadow fading/fast
fading

Settings
3D-Uma
2 GHz
5 MHz
3 km/h
3GPP 3D channel model
43 dBm
8 dBi
BS: UPA (row × col: 12 × 10) user:
single antenna
0.5 𝜆
1.5 m
30 UEs per sector, uniform in cell
−174 dBm/Hz

0.8
0.6
CDF

Parameters

0.4
0.2
0.0
−20

20

30

40

SCIS(2)
SCIS(3)
SCIS(4)

1.0

4.1. Simulation Setup

4.2. Performance of SCIS-BF with Different Antenna-Selection
Proportion. In this part, we evaluate the performance of
SCIS-BF with different antenna-selection proportion. Fixing
the number of scheduled users as 10, we compare the
performance of SC, MRT, ZF, SCIS(2), SCIS(3), and SCIS(4).
Figure 5 shows the Cumulative Distribution Function
(CDF) versus the signal-to-interference-and-noise ratio
(SINR) of SCIS-BF with different antenna-selection proportion. Correspondingly, the CDF versus the UE throughput of
SCIS-BF are shown in Figure 6. From the two figures, we can
see that the performance of SCIS-BF is better than SC-BF, but
worse than ZF-BF. When the antenna-selection proportion
increases, SCIS-BF performs better and the performance of it
approaches that of ZF-BF. It means that the proposed SCISBF can flexibly make a tradeoff between system performance

10
SINR (dB)

Figure 5: CDF versus SINR of SCIS-BF.

4. Evaluation

4.1.2. Antenna-Selection Approach. To evaluate the performance of SCIS-BF, we have to confirm the antenna index set
firstly. From the above derivation, we can see that N can be
an arbitrary subset of {1, 2, . . . , 𝑁}. Therefore, to simplify the
problem in this paper, we give a simple approach to form
antenna index set N as follows.
For antenna-selection approach (SCIS(𝑛s )), select one
antenna every 𝑛s antennas to make the selected antennas
distribute uniformly on the UPA.

0

SC
MRT
ZF

See TR36.873 [17]

0.8
0.6
CDF

4.1.1. Parameters Setting. To evaluate the proposed SCIS-BF
scheme, we build a system-level simulation platform. In our
simulation, the network model consists of 19 macrocells. Each
cell contains 3 sectors, where each BS is located at the cell
center with uniform planar array (UPA). The main simulation
parameters are listed in Table 1. For the other relative channel
parameters please refer to [13].

−10

0.4
0.2
0.0
0.0

0.5

1.0

SC
MRT
ZF

1.5

2.0

2.5 3.0 3.5
SE (bit/s/Hz)

4.0

4.5

5.0

5.5

SCIS(2)
SCIS(3)
SCIS(4)

Figure 6: CDF versus throughput of SCIS-BF.

and RS overhead. In addition, when the antenna-selection
proportion reaches a certain extent, SCIS-BF can outperform
MRT.
4.3. Performance of SCIS-BF with Perfect CSIT. In this part,
we evaluate the performance of SCIS-BF with perfect CSIT.
With the antenna-selection approach given above, the spectral efficiency (SE) versus scheduled user numbers of different
BF schemes is shown in Figure 7. From the figure, we can see
that, as the number of scheduled users increases, the SE of all
BF schemes increases correspondingly, and the performance
of ZF-BF is the best. However, the complexity of ZF-BF is
very high and at the same time it needs the whole channel
state information, which would cost great overhead of RSs
in FDD massive MIMO systems. Besides, in Figure 7, both
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Table 2: Measurement of spectral efficiency.

Feedback overhead
BF scheme
System SE (bit/s/Hz)
System SE gain (compared to SC)

𝐿=6
SCSL(3)
7.153
−9.73%

𝐿=7
SCIS(3)
8.865
11.88%

SCSL(3)
7.974
0.63%

SCIS(3)
8.865
19.40%

SCSL(3)
8.592
8.43%

SCIS(3)
9.632
21.55%

1.0

24
22

0.8

20
18

0.6

16

CDF

Spectral efficiency
(bit/s/Hz)

𝐿=8

14

0.4

12
0.2

10
8
9

SC
SCIS(3)
SCSL(3)
MRT

10
11
Number of scheduled users

12

0.0
−20

ZF
SCIS(4)
SCSL(4)

Figure 7: CDF versus SE of different BF schemes with perfect CSIT.

SCSL-BF and SCIS-BF perform better than SC-BF. When
the numbers of selected antennas are the same, SCIS-BF
outdoes SCSL-BF. Moreover, with the increasing number of
selected antennas, SCIS-BF performs better, and, meanwhile,
the difference between SCIS-BF and SCSL-BF becomes larger.
It indicates that SCIS-BF is capable of balancing the system
performance and overhead of RSs, and it has more potential
than SCSL-BF.
4.4. Performance of SCIS-BF with Imperfect CSIT. Considering practical FDD systems, the BS does not know the
real channel but the quantized-channel vector. Based on
limited feedback, fixing the number of scheduled users as
10, we evaluate the system performance of SCIS-BF in this
part.
Figure 8 is the CDF versus SINR of SCIS-BF and SCSLBF with limited feedback, and Figure 9 shows the system
SE of SCSL-BF and SCIS-BF under the condition of limited
feedback. We can see that the performance of both SCSL and
SCIS becomes better when gradually increasing the number
of feedback bits. The corresponding SE measurements are
listed in Table 2, where 𝐿 denotes the number of feedback
bits. According to Table 2, we can see that implementing
SCSL-BF in practical systems needs a large number of
feedback bits, or the system performance would even be
worse than SC-BF. Compared to SCSL-BF, it only needs
a few feedback bits to implement SCIS-BF, and then the
system performance could be improved. Therefore, to achieve

−15

−10

SCSL(3)
SCSL(3)
SCSL(3)

−5

0
5
SINR (dB)

10

15

20

25

SCIS(3) L = 6
SCIS(3) L = 7
SCIS(3) L = 8

Figure 8: CDF versus SINR of SCSL and SCIS with imperfect CSIT.

Spectral efficiency
(bit/s/Hz)

8

9

8

7

6

7
8
Number of feedback bits

9

SCSL(3)
SCIS(3)

Figure 9: CDF versus SE of SCSL and SCIS with imperfect CSIT.

the same system performance, SCIS-BF needs less feedback
overhead.
Table 3 summarizes the features of the mentioned BF
schemes in this paper. It indicates that SCIS-BF could effectively balance the system performance and system overhead
of both RSs and uplink feedback in practical systems. Therefore, SCIS-BF is a good candidate in FDD massive MIMO
systems.
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Table 3: Feature of beamforming schemes.

BF scheme
SC
SCSL
SCIS

Spatial correlation
√
√
√

CSIT
×
√
√

Performance
RS overhead
Normal
Low
Poor dynamic balance
Good dynamic balance

5. Conclusion
In this paper, we study the performance of different MU-BF
schemes in massive MIMO systems, where the BSs feed back
quantized-channel-codebook index, but not conventional
precoding codebook index. Based on it, we put forward a
novel SCIS-BF scheme in order to make it feasible for the
BSs to simultaneously serve tens of UEs in the same timefrequency resources. In contrast to other conventional BF
schemes, the calculation complexity of SCIS-BF is relatively
low as it only requires the reduced-dimension channel
matrix, and the performance of it is quite well. Besides, it
can effectively balance the system performance and overhead
of RSs. Furthermore, it only needs a few feedback bits
to implement SCIS-BF in practical FDD massive MIMO
systems. In a word, SCIS-BF can make it feasible and flexible
to implement massive MIMO in FDD systems.
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The 3-dimensional (3D) channel model gives a better understanding of statistical characteristics for practical channels than the
2-dimensional (2D) channel model, by taking the elevation domain into consideration. As different organizations and researchers
have agreed to a standard 3D channel model, we attempt to measure the 3D channel and determine the parameters of the standard
model. In this paper, we present the statistical propagation results of the 3D multiple-input and multiple-output (MIMO) channel
measurement campaign performed in China and New Zealand (NZ). The measurements are done for an outdoor-to-indoor (O2I)
urban scenario. The dense indoor terminals at different floors in a building form a typical 3D propagation environment. The
key parameters of the channel are estimated from the measured channel impulse response (CIR) using the spatial-alternating
generalized expectation-maximization (SAGE) algorithm. Till now there is abundant research performed on the azimuth domain;
this paper mainly considers the statistical characteristics of the elevation domain. A statistical analysis of 3D MIMO channel
results for both China and NZ measurements is presented for the following parameters: power delay profile (PDP), root mean
square (rms), delay spread (DS), elevation angle-of-arrival (EAoA) distribution, elevation angle-of-departure (EAoD) distribution,
elevation angular spread (AS), and cross-polarization discrimination (XPD).

1. Introduction
The mobile traffic is experiencing an explosive growth due to
the flourishing spread of mobile internet and smart phones.
It is predicted that the mobile traffic will grow more than
1000 times in the next few years [1]. To fulfill this increasing
capacity demand there have been a lot of research activities
under the umbrella of 5G mobile communication system
[2]. Among all of these activities, one important topic is the
3-dimensional (3D) channel model, which, in addition to
the azimuth domain, also takes the elevation domain into
consideration, thus providing additional degrees of freedom
to meet the high capacity demand [3].
Conventional multiple-input and multiple-output (MIMO)
technology only utilizes the horizontal plane of the spatial

domain in the spatial signal processing. Usually, a linear
antenna array with vertical polarization or cross-polarization
is deployed in the horizontal plane at both ends of the communication link, while a fixed downtilting angle is configured
at the antenna array of the base station (BS). Although the
signal propagates through a 3D space, the fading channel is
still modeled as 2-dimensional (2D) channel models. With
the advent of the adaptive antenna array, the realization of 3D
MIMO is more practical. Thus an extensive interest has been
motivated to exploit the elevation domain in 3D MIMO
system [4].
An early research on the elevation angle can be traced
back to 1979 by Aulin, who extended Clark’s scattering model
to 3D space for the first time [5]. Since then, a growing number of researchers observed and reported the significance of
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elevation angles in describing the radio signal propagation
more precisely. The impact of elevation angle on MIMO
capacity was presented in [6] and vertical sectorization was
described in [7]. Simulation results show that 3D MIMO
system with 32 antenna ports achieves 2∼3.6 times cell
average throughput gain compared to the 4G LTE system
of two antenna ports at the BS [8]. Further practical field
measurements have validated the superiority of 3D MIMO
channel by harvesting a 27% ∼42% capacity gain in UMi
scenario [9], which highlights the importance of elevation
domain. 3D characteristics, including the elevation distribution, mean elevation angle (MEA) and elevation angle spread
(EAS), are analyzed based on field channel measurements in
[10–14]. The Third Generation Partner Project (3GPP) has
initiated the discussion on the general 3D channel fading
model [15, 16] since January 2013 and released the 3D MIMO
channel model [17] in April 2014. World Wireless Initiative
New Radio + (WINNER+) has also reported 3D channel
measurements [18] as an extension of the 2D geometry based
stochastic model (GBSM). A good survey of 3D channel models is given in [19]. Six proposals to the 3GPP based on our
measurements and analysis are presented in [20–25]. Reliable
and realistic channel models based on the empirical propagation characteristics are critical to fundamental research
and evaluation of the 3D MIMO technique. However, the
understanding of 3D MIMO channel is still in its infancy;
how to characterize 3D propagation channels, especially
the elevation angle, is therefore an important task for 3D
MIMO development, yet practical measurements of the 3D
fading channel are scarce. As the standard organizations and
channel modeling researchers have agreed to a standard 3D
channel model, it is our attempt to measure the channel and
determine its parameters according to the standard model,
then model researchers can generate the wireless channel
impulse response (CIR) for system simulation studies.
In this paper, we present efforts to the study of the statistical characteristics of the 3D MIMO channel for outdoorto-indoor (O2I) scenario. Using the same measurement
equipment, measurements are repeated for two locations with
very diverse surroundings in China and NZ, respectively. This
helps to compare the similarities and differences between the
results. We report on measurements of a 3D MIMO CIR and
give results for the following channel parameters:
(i) power delay profile (PDP),
(ii) distribution of the delay spread (DS),
(iii) distributions of elevation angle-of-arrival (EAoA)
and elevation angle-of-departure (EAoD),
(iv) distribution of the angle spread (AS) in the elevation
domain,
(v) cross-polarization discrimination (XPD).
In Section 2, detailed descriptions for the measurement
scenario and data postprocessing will be presented, followed
by measurement results of key parameters for the 3D MIMO
channel in Section 3 and conclusions in Section 4.

2. Measurement Description
2.1. Measurement Equipment and Scenario Description. Measurements are done by using the Elektrobit Propsound
Sounder described in [26]. It consists of three units: transmitter (Tx) sounder, receiver (Rx) sounder, and Rx Baseband
Processing Unit (RBPU), through which signals can be transmitted, received, and stored in a time division way, respectively.
To capture the propagation rays in the 3D environment
efficiently, fully dimensional antenna arrays were equipped at
both sides of the measurement link. The layout of the antenna
arrays at Tx and Rx side are illustrated in Figures 1(a) and 1(b),
respectively. At the Rx, dual-polarized omnidirectional array
(ODA) consisting of 56 antenna elements with 8 adjacent
sides and a top surface was used, while a dual-polarized
uniform planar array (UPA) with 32 antenna elements was
utilized as a sector transmit antenna array. All array elements
consisted of microstrip patches with 6 dB beamwidth of
approximately 110∘ in both the vertical and horizontal planes.
All antennas were calibrated in an anechoic chamber. The
gain of each antenna element is 6 dBi, with an angle resolution
of 2∘ . This is limited by the sensors’ distribution density in the
anechoic chamber for antenna calibration. Powers received
by the densely distributed sensors indicate the antenna power
gain in the corresponding direction of the sensors, both in
azimuth and in elevation domain. Angle information for
paths can be extracted by substituting all possible angle
values inside the antenna calibration file iteratively until the
reconstructed signal best fits the actual received one [27].
The practical received signal will be deeply affected by the
equipment’s performance as it is the convolutional result of
the measurement equipment impulse response (EIR) and
CIR. To eliminate the potential influences of equipment
performance, the equipment will be also calibrated with the
Tx and Rx being connected directly through an ideal RF
cable for the EIR file. By removing the EIR from the practical
received signal, the CIR can be extracted. Table 1 specifies
the configuration and angle range of the antenna arrays
along with other measurement parameters. The angle ranges
capture most of the propagation paths at both ends of the
link, where paths with a delay interval larger than the delay
resolution can be distinguished.
Utilizing both the horizontal and vertical dimensions, 3D
MIMO is particularly suitable for scenarios with vertical user
location distributions. Transmissions from outdoor BSs to
users located at different floors can be well separated in their
elevation angles.
We carried out the field measurements for 3D CIR in
Beijing, China, and Auckland, New Zealand, for the O2I scenario. In China measurement, the receive antenna array was
positioned at 5 different floors of a 60 m high building, while
the transmit antenna was fixed at the top of a nearby 11.5 m
high building at a distance of 21.5 m. This typical O2I scenario
is shown in Figure 2(a). On each floor, approximately 20
different fixed locations were measured, including ones near
the window (the red star) or along the corridor, with 500
snapshots collected by the sounder for each location. Walls
along the corridor and between the rooms are made of brick,
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(a) UPA at Tx

(b) ODA at Rx

Figure 1: Antenna layouts used in the measurements.

Table 1: Antenna configuration and parameters used in measurements.
Parameter
Value
Antenna type
ODA
UPA
Element number
56
32
Element number used
16
16
Polarized
±45∘
±45∘
Distribution of antenna elements
Cylinder
Planar
Angle range
Azimuth
[−180∘ , 180∘ ]
[−70∘ , 70∘ ]
∘
∘
Elevation
[−70 , 90 ]
[−70∘ , 70∘ ]
Carrier
3.5 GHz (China), 2.35 GHz (NZ)
Bandwidth
100 MHz (China), 10 MHz (NZ)
Tx power
33 dBm (China), 26 dBm (NZ)
PN sequence
63 (China), 31 (NZ)

snapshots of the impulse response of the time-varying radio
channel. The collected channel impulse responses were fed
to a high-resolution algorithm to estimate the channel
parameters for each snapshot. Maximum likelihood estimation (MLE) provides an optimum unbiased estimation
from a statistical perspective; however, it is computationally
prohibitive due to the multidimensional searches required.
Thus a low-complexity approximation of MLE, spatialalternating generalized expectation-maximization (SAGE)
algorithm [27], has been proposed to extract the key channel
parameters on the basis of the newly released 3D channel
model [17]. Denoting the total number of clusters by 𝐶, we
have the following parameters for the 𝑙th subpath in the 𝑐th
cluster:
(1) complex polarization (vertical (𝑉)) and (horizontal
𝑉𝑉 𝑉𝐻 𝐻𝑉 𝐻𝐻
, 𝛼𝑐,𝑙 , 𝛼𝑐,𝑙 , 𝛼𝑐,𝑙 ],
(𝐻)) components [𝛼𝑐,𝑙
(2) delays 𝜏𝑐,𝑙 ,

with plasterboard on the surface. The floor is covered with
marble, while the doors of the rooms are wooden. The Rx was
fixed on a trolley with an antenna height of 1.8 m. With the
exception of the first level, all floors featured a similar layout.
Care was taken to ensure identical measurement locations on
all floors.
The NZ measurement, shown in Figure 2(b), was performed at a cell site with the Tx antenna installed on the
rooftop of a 45 m high building with its boresight pointing to
the measurement building which is approximately 100 m far
away. The room size is 30 m, 25 m, and 4 m in length, width,
and height, respectively. Approximately 80 fixed locations in
the same floor were measured, with 200 snapshots collected
for each location.
2.2. Data Postprocessing for 3D Channel Impulse Response.
The field measurements described above provided numerous

(3) azimuth angle-of-departure (AoD) 𝜙𝑐,𝑙 and angle-ofarrival (AoA) 𝜑𝑐,𝑙 ,
(4) elevation AoD (EAoD) 𝜃𝑐,𝑙 and AoA (EAoA) 𝜗𝑐,𝑙 ,
(5) Doppler frequency 𝑓𝑑𝑐,𝑙 being 0 for fixed spots.
A single link of the 3D fading channel, between the base
station and the mobile user, is shown in Figure 3. With 𝑀
number of transmits and 𝑁 number of receive antennas, for
the cluster 𝑐, the 3D channel model is presented:
𝐿

h𝑛,𝑚,𝑐 (𝑡) = ∑ [
𝑙=1

𝑇

𝑉𝑉
𝑉𝐻
𝛼𝑐,𝑙
𝛼𝑐,𝑙
𝐹𝑚,𝑉
] [ 𝐻𝑉 𝐻𝐻] [
]
𝐹𝑛,𝐻
𝐹𝑚,𝐻
𝛼𝑐,𝑙 𝛼𝑐,𝑙

𝐹𝑛,𝑉

𝑟𝑇𝑛,𝑐,𝑙 ⋅ 𝑑𝑛 ))
⋅ exp (𝑗2𝜋𝜆−1
0 (̂
⋅ exp (𝑗2𝜋𝜆−1
𝑟𝑇𝑚,𝑐,𝑙 ⋅ 𝑑𝑚 )) ,
0 (̂

(1)
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Tx21.5 m
Where Rx array is located
Where Tx array is located

(a) Measurement in China

Measurement point
Boresight of Rx
Boresight of Tx

(b) Measurement in NZ

Figure 2: A view of measurement areas in China (a) and NZ (b).
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Figure 3: Generic 3D fading channel model.
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Figure 4: PDP and delay spread in China and NZ.

where 𝐿 is the total number of subpaths, 𝜆 0 is the wavelength
of the carrier frequency, 𝑛 = 1 ⋅ ⋅ ⋅ 𝑁, and 𝑚 = 1 ⋅ ⋅ ⋅ 𝑀. 𝑑𝑚
and 𝑑𝑛 are the 3D location vectors for Tx and Rx antennas,
respectively. ̂𝑟𝑚,𝑐,𝑙 and ̂𝑟𝑛,𝑐,𝑙 denote the spherical unit vectors
at transmitter and receiver elements, respectively. For the 𝑙th
subpath in the 𝑐th cluster, ̂𝑟𝑚,𝑐,𝑙 is calculated by
̂𝑟𝑚,𝑐,𝑙

sin (𝜃𝑐,𝑙 ) cos (𝜙𝑐,𝑙 )
]
[
[
= [ sin (𝜃𝑐,𝑙 ) sin (𝜙𝑐,𝑙 ) ]
].
cos (𝜃𝑐,𝑙 )
]
[

(2)

A similar expression is used to obtain spherical unit
vector ̂𝑟𝑛,𝑐,𝑙 for Rx by substituting angles 𝜗𝑐,𝑙 and 𝜑𝑐,𝑙 into (2).
Besides, 𝐹𝑚,𝑉 and 𝐹𝑚,𝐻 are transmit antenna field patterns
for the vertical and horizontal polarizations, respectively.
Meanwhile, 𝐹𝑛,𝑉 and 𝐹𝑛,𝐻 are antenna field patterns for the
vertical and horizontal polarizations on the Rx side.

3. Results of Measurements
The distribution results along with the 3GPP reference value
are summarized in Table 2; the previous extracted parameters, both for China and for NZ measurements, are fed back
to a further statistical characteristic analysis, including delay
spread, angle distribution, and XPD.
3.1. Power Delay Profile and Delay Spread. Power delay
profiles (PDP), for both China and NZ measurements, are
presented for an intuitive glance over multipaths, dynamic
power range and power fading with delays, and so forth. With
a bandwidth of being 100 MHz for China and 10 MHz for
NZ measurement, the delay resolution is 10 ns and 100 ns,
respectively. Based on the CIR exactly, the averaged PDP
over all snapshots is shown in Figure 4(a). The peak value
of the PDP has been normalized to 0 dB. As a result of

Table 2: MIMO channel model parameters.
Parameters
RMS delay, 𝜏, spread log10 (s)
𝜇
𝜎
Elevation AoD, 𝜃, spread log10 (degrees)
𝜇
𝜎
Elevation AoA, 𝜗, spread log10 (degrees)
𝜇
𝜎
Azimuth AoD, 𝜙, spread log10 (degrees)
𝜇
𝜎
Azimuth AoA, 𝜑, spread log10 (degrees)
𝜇
𝜎
Cross-polarization discrimination (XPD)
2
 𝑉𝑉
𝛼 + 𝛼𝐻𝐻 
 ) (dB)
XPD = 10log10 (

𝛼𝐻𝑉 + 𝛼𝑉𝐻 
𝜇
𝜎
Delay distribution
Azimuth AoA and AoD distribution
Elevation AoA and AoD distribution

China NZ 3GPP [17]
−7.06 −6.45
0.14 0.30

−6.62
0.32

1.28
0.22

1.13
0.28

—
—

1.39
0.31

1.56
0.24

1.01
0.43

1.09
0.14

1.25
0.16

1.25
0.42

1.76
0.10

1.92
0.11

1.76
0.16

4.5
6.4

5.2
9
9.1
11
EXP
Gaussian
Laplacian

the complicated practical scattering environment, there exist
three peaks both for China and for NZ measurements; then
the PDP comes to a flat fading gradually. The noise floor,
which may result from the system thermal noise and channel
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Figure 5: EAoA and EAoD dispersion and 2D versus 3D clustering for the snapshot near the window (red star) in China measurement.

background noise, is calculated as the mean power of the
relatively flat fading part of the PDP curve. The dynamic
range between the peak power and bottom noise is 25 dB for
China measurement and 20 dB for NZ measurement, which
is 5 dB smaller because of a longer propagation distance; thus
the peak value experienced a deeper fading. Power of MPCs
after the reference delay of the strongest power decays rapidly
in an exponential formation, which is the same with the
conventional 2D PDP fading distribution [28], thus signal
propagation in 3D environment has no obvious impact on the
PDP.
For each snapshot, we also calculate the delay spread and
present the cumulative distribution function (CDF) of all rms
DS in Figure 4(b) for both China and NZ measurements.
There is an obvious lognormal distribution with related
mean values and standard deviations presented in Table 2.
Compared to China measurement, the DS in NZ is much
larger because the room size of Rx is much larger in NZ
measurement with all spots fixed in a wild area in the same
floor.
3.2. EAoA and EAoD Dispersion and Clustering. The EAoA
and EAoD dispersion at different floors are presented for
China measurement. Taking the 1st and 3rd floor for example,
the dispersions of EAoA-EAoD for the snapshot near the
window (red star in Figure 2(a)) are shown in Figures 5(a) and

Table 3: Cluster number increase from 2D to 3D.
Floor
CluNum 2D
CluNum 3D

1st
10.2
15.2

2nd
8.4
12.5

3rd
9.3
13.4

5th
9.5
15.4

7th
12.2
17.4

5(b), respectively. Points in the same color are divided into the
same cluster while the size represents the path power. There is
a brief marker of the LoS path which comes through windows
directly while the NLoS path might be reflected by concrete
walls. Given a height of 14 m at Tx which is slightly lower than
Rx at the 3rd floor, the EAoD of the LoS path, being slightly
bigger than 0 degree, can be expected as shown in Figure 5(b).
As multipath components (MPCs) are dispersive for both
1st and 3rd floor in the 3D environment, an interesting question arises whether the cluster number will change compared
to that in 2D channel? To identify clusters [29] for the same
snapshot near the window for the 3rd floor, a comparative
result of the estimated MPCs for China measurements is
presented in Figures 5(c) and 5(d). Cluster number increases
from 7 to 9, the main cluster in blue for 2D case divides into
2 subclusters for 3D case. An averaged cluster number for all
snapshots on each floor is also presented in Table 3; the cluster
increase from 2D to 3D indicates that a more specific channel
propagation characteristic can be observed in a 3D vision.
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3.3. EAoA and EAoD Distributions and Angular Spread. The
distribution of EAoD and EAoA for China and NZ measurements is shown in Figures 6(a) and 6(b), respectively. With
the EAoD and EAoA of the strongest path both being shifted
to zero degrees for all measured spots, figures show that

the angle in China measurement exhibits a well Laplacian fit,
as presented by
𝑓 (𝑥) =

√2 
1
𝑥 − 𝜇) ,
exp (−

√2𝜎
𝜎 

(3)
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Figure 7: XPD measurements for China and NZ.

where 𝜇 and 𝜎2 are the mean value and variance of the Laplace
distribution, respectively. However, this is not the case for NZ
result. A possible reason for this is the lack of sample data
for only one floor measurement. In addition to the elevation
power spectrum mentioned above, rms angle spread provides
another perspective for a further understanding of 3D MIMO
channel. For each snapshot, the angular spread in the elevation domain can be calculated. Taking all the subpaths in
the 𝑐th cluster for example, the angular spread of EAoD is
given by
2

𝜎AS = √

∑𝐿𝑙=1 (𝜃𝑐,𝑙 − [∑𝐿𝑙=1 𝜃𝑐,𝑙 𝑃𝑐,𝑙 / ∑𝐿𝑙=1 𝑃𝑐,𝑙 ]) 𝑃𝑐,𝑙
∑𝐿𝑙=1 𝑃𝑐,𝑙

,

(4)

where the power of the 𝑙th subpath in the 𝑐th cluster can be
calculated as the sum of squares of the polarization coefficients, given by
 𝑉𝑉2  𝑉𝐻2  𝐻𝑉2  𝐻𝐻2
 + 𝛼𝑐,𝑙  + 𝛼𝑐,𝑙  + 𝛼𝑐,𝑙  .
𝑃𝑐,𝑙 = 𝛼𝑐,𝑙
 
 
 


(5)

The CDF of elevation angular spread for AoD (EASD)
and AoA (EASA) is shown in Figure 6(c), for both China
and NZ measurements. Similar to 3GPP [17], a lognormal
distribution fits well with this angular spread with the mean
and standard deviation presented in Table 2. As we can see,
EASD is smaller than EASA due to an additional channel
propagation and scattering for transmitted signals. Besides,
the AS of elevation angles are correspondingly smaller than
that of azimuth angles, both for departure and for arrival
sides. It is reasonable that vertical scatters are not so rich
compared to the azimuth plane. What is more, the ESA in
NZ is larger than that of China while the ESD is smaller; this
can be explained by a much larger room size with complex
scatters on the Rx side in NZ measurement. Meanwhile, on Tx

Table 4: Angular spread for different floors in China measurement.
Floor
1st
2nd
3rd
5th
7th

EASD (∘ )
20.8
20.6
19.5
20.8
26.0

EASA (∘ )
27.4
20.9
22.3
22.1
28.3

AASD (∘ )
20.4
12.5
19.3
18.0
17.9

AASA (∘ )
45.5
42.2
43.3
40.9
43.1

side, so long the propagation distance is that only paths in a
specific EoD can be received in NZ measurement, which leads
to a concentrated ESD. A more specific angular spread for
different floors in China measurement is presented in Table 4.
3.4. XPD Distribution. As XPD is being defined in Table 2,
its distribution is shown in Figure 7 for both China and NZ
measurements. Similar to 3GPP, a normal distribution fits
XPD well for all fixed spots. In NZ result, the range of XPD
is wider than that of China as the room size on Rx side in NZ
is much larger, which will result in a more complex depolarization in 3D propagation. As XPD is closely related to
the environment, the mean value of XPD for different floors
varies in China measurement, being 3.3, 5.1, 5.3, 3.8, and 3.1
for the 1st, 2nd, 3rd, 5th, and 7th floor, respectively. To be
noted, the Tx is as much high as Rx on the 3rd floor; a higher
distance in elevation domain will contribute to a better
vertical depolarization.

4. Conclusion
In this paper, we studied the statistical characteristics of
3D channel impulse response and presented comparative
results for measurements performed in China and NZ. We
have focused our study on the elevation domain as these
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measurements are rare. Simulation results show that the PDP
in 3D propagation fades exponentially both in China and
in NZ measurements. The cluster can be further resolved
when the elevation domain is taken into consideration. A
lognormal distribution fits well with the AS while the ESA
in NZ is larger than that of China due to a larger scattering
room size in NZ measurement. Because of a more dispersed
distribution of measured locations in the elevation domain,
the XPD in China is smaller than that of NZ and the XPD
varies with the height difference between Tx and Rx, and
so forth. All these results of the elevation domain provide
a better understanding of 3D channel and contribute to
3D MIMO system design, including 3D antenna arrays for
future 5G where the elevation domain cannot be ignored.
Therefore, these measurements are a precursor to 5G systems
capability studies.

Conflict of Interests
The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments
The China measurements are supported in part by the 863
Program of China under Grant no. 2015AA01A703 and by
National Science and Technology Major Project of the Ministry of Science and Technology (project name is “IMT-2002
Candidate Band Analysis and Evaluation”) with 2015ZX03002008 and by National Science and Technology Major
Project of the Ministry of Science and Technology (project
name is “Wireless mobile spectrum research and verification
for WRC15”) with 2014ZX03003013-004 and by National Science and Technology Major Project of the Ministry of Science
and Technology (project name is “Research and Development
of MIMO Channel Emulator”) with 2013ZX03001020-002
and by Huawei Company for Massive MIMO study.

References
[1] Cisco, “Cisco visual networking index: global mobile data traffic
forecast update, 2013–2018,” Cisco White Paper, Cisco, 2014.
[2] J. G. Andrews, S. Buzzi, W. Choi et al., “What will 5G be?” IEEE
Journal on Selected Areas in Communications, vol. 32, no. 6, pp.
1065–1082, 2014.
[3] X. Cheng, B. Yu, L. Yang et al., “Communicating in the real
world: 3D MIMO,” IEEE Wireless Communications, vol. 21, no.
4, pp. 136–144, 2014.
[4] M. Shafi, M. Zhang, A. L. Moustakas et al., “Polarized MIMO
channels in 3-D: models, measurements and mutual information,” IEEE Journal on Selected Areas in Communications, vol.
24, no. 3, pp. 514–526, 2006.
[5] T. Aulin, “A modified model for the fading signal at a mobile
radio channel,” IEEE Transactions on Vehicular Technology, vol.
28, no. 3, pp. 182–203, 1979.
[6] M. Shafi, M. Zhang, P. J. Smith, A. L. Moustakas, and A. F.
Molisch, “The impact of elevation angle on MIMO capacity,” in
Proceedings of the IEEE International Conference on Communications (ICC ’06), pp. 4155–4160, Istanbul, Turkey, July 2006.

9
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