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ABSTRACT
A 5G communication system includes massive 

machine-type communication, enhanced mobile 
broadband, and ultra-reliable low-latency commu-
nication. To meet the requirements of 5G applica-
tions, researchers have considered various scalable 
subcarrier spacings and transmission time intervals. 
In this article, we introduce the concept of wave-
form multiplexing, which is a resource management 
system for numerology multiplexing that employs 
appropriate waveforms to various numerologies. It 
also possesses both a dynamic cyclic pre�x and a 
minimum guard band, which are the key features 
for achieving high spectral e�ciency. We verify the 
signi�cant gain produced by proposed waveform 
multiplexing by performing extensive 3D ray-trac-
ing-based system-level evaluations in realistic 3D 
environments. Finally, we provide guidelines on 
waveform multiplexing design by considering the 
time-domain and frequency-domain characteristics 
of the new radio waveform candidates.

INTRODUCTION
In recent years, researchers have both clarified 
fifth-generation (5G) communication require-
ments and discussed its potential applications, 
including servicing the Internet of Things (IoT), 
gigabit wireless connectivity, and the Tactile 
Internet, as well as the various requirements of 
massive machine-type communication (mMTC), 
enhanced mobile broadband (eMBB), and ultra-re-
liable low-latency communication (URLLC) [1]. 
5G applications require different numerologies, 
including organizations of scalable subcarrier 
spacings, cyclic prefixes (CPs), and transmission 
time intervals (TTIs), for different service types. 
In trying to meet the various requirements of 5G 
applications, researchers should consider multiple 
scalable numerologies.

Multiple numerologies can be serviced either 
individually, under various frequency bands, or col-
lectively, under a single frequency band. The use of 
various frequency bands to support single service 
types under each band has been a topic of discus-
sion at 3GPP meetings. 3GPP has also discussed 
numerology multiplexing, which operates on a 
single frequency band to support the integrated 
devices or the central controllers of applications 
with di�erent requirements.

It has not yet been determined which waveform 
will be used for numerology multiplexing systems 

and how such systems can be designed. To estab-
lish these systems, researchers must evaluate them 
using new radio (NR) waveform candidates. Nev-
ertheless, the in�uence of the real propagation of 
the NR waveform candidates on system-level per-
formance in realistic multi-cell environments based 
on their properties, such as delay and out-of-band 
emissions (OOBE), remains an open area for study.

To address these issues, we provide the fol-
lowing contributions in this article: we provide 
insight into the numerology management of NR 
waveform candidates; and we present a three-di-
mensional (3D) evaluation for both NR waveform 
candidates and numerology multiplexing systems 
operating in realistic environments. We first elab-
orate on the resource management challenges of 
NR waveform candidates. Based on these challeng-
es, we demonstrate the potential of a system that 
consists of di�erent waveforms on various numer-
ologies. We call this concept waveform multiplex-
ing. Waveform multiplexing systems can operate 
more e�ciently than both multiband systems and 
single-waveform-based numerology multiplexing 
systems. We next describe the challenges involved 
in evaluating waveform multiplexing in practice. 
We then propose a more practical 3D channel 
model that utilizes realistic digital maps. According 
to the performance trade-o� of waveform designs, 
the performance of waveform multiplexing varies 
depending on the specific environment. Finally, 
we provide guidelines for waveform multiplexing 
design.

RESOURCE MANAGEMENT CHALLENGES FOR  
NR WAVEFORM CANDIDATES

In this section, we outline an overview of NR 
waveform candidates and elaborate on their 
resource management challenges.

OVERVIEW OF NR WAVEFORM CANDIDATES FOR  
DOWNLINK SYSTEMS

In LTE systems, CP orthogonal frequency-division 
multiplexing (CP-OFDM) is an excellent waveform 
solution that not only improves the spectral effi-
ciency but also mitigates inter-symbol interference 
(ISI). CP-OFDM, however, has some limitations 
that researchers are striving to overcome by cre-
ating new waveforms [1]. Some of the NR wave-
form candidates being considered for the design 
of a downlink system are discussed below.
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ACCEPTED FROM OPEN CALL Orthogonal Waveform Candidates: 3GPP 
agreed that NR waveforms should be based on 
OFDM with either filtering or windowing. Both 
their easy implementation and back-and-for-
ward compatibilities are the primary rationale for 
being NR waveforms. As candidates, researchers 
proposed filtered OFDM (f-OFDM) [2], weight-
ed-overlap-and-add OFDM (WOLA-OFDM) [3], 
and flexibly-configured OFDM (FC-OFDM) [4]. 
An f-OFDM system is an integrated system that 
consists of multiple independent CP-OFDM sys-
tems with various numerologies, and it is based 
on subband splitting and filtering. A properly 
designed baseband finite impulse response (FIR) 
filter can suppress the OOBE of each subband. 
The WOLA-OFDM system achieves low OOBE by 
using a time-domain windowing method. Applying 
soft edges to the cyclic extensions of CP-OFDM 
symbols provides lower complexity than a time-do-
main �ltering approach [3]. Researchers have also 
attempted to �nd a uniform solution for numerolo-
gy multiplexing systems by investigating FC-OFDM, 
but these systems require o�set quadrature ampli-
tude modulation (QAM) operation.

Non-Orthogonal Waveform Candidates: 
Although OFDM-based waveform candidates will 
be used for 5G, some potential NR waveform 
candidates, including non-orthogonal waveforms, 
could support various applications beyond the ini-
tial 5G system. Such candidates ful�ll the require-
ment of low OOBE and demonstrate robustness 
to asynchronous systems that is similar to that of 
OFDM-based candidates. In searching for a can-
didate, researchers have studied how to enable 
�lter-bank multicarrier (FBMC) to use QAM [5]. Its 
potential to be a 5G waveform, however, has been 
suppressed by its extremely high implementation 
complexity. Meanwhile, researchers proposed gen-
eralized frequency-division multiplexing (GFDM), 
which divides time-frequency resources into blocks 
consisting of subsymbols and subcarriers [6]. Its 
OOBE can be reduced by selecting a well-localized 
pulse-shaping �lter.

WAVEFORM RESOURCE MANAGEMENT CONSIDERATIONS IN 
THE TIME AND FREQUENCY DOMAINS

As mentioned above, researchers have nominated 
various NR waveform candidates. Figures 1a�c 
illustrate that there are performance trade-offs 
between the time and frequency domains that 
are caused by various waveform design methods. 
Resource management for waveform numerol-
ogies has become an issue due to the variance 
of the time and frequency properties of both the 
performance requirements and the channel envi-
ronments for each 5G service type. Waveform 
multiplexing systems represent a potential solu-
tion, as shown in Fig. 1d, and will be discussed 
later. Researchers must address this issue in either 
waveform multiplexing systems or their chosen 
alternatives by considering the followings.

Constraint from Numerology and System 
Designs: Without loss of generality, the numbers 
of subsymbols and subcarriers (i.e., the number 
of samples in a symbol or resource grids in the 
time and frequency domains) are both dependent 
on and limited by the given system parameters, 
including the subcarrier spacing, sampling rate, 
and bandwidth. Also, both determining and scaling 

numerologies depend on users� requirements and 
channel characteristics [7].

Performance Trade-Offs of Waveform 
Designs: A waveform�s performance trade-offs 
result from either its �lter/window design or its CP/
slot design, as shown in Figs. 1a and b. These trade-
o�s can be summarized as follows:
� In general, for a well-chosen prototype filter/

window, a longer filter/window length in the 
time domain results in lower OOBE. Thus, low 
OOBE challenges both the time resource over-
heads and the ISI, which a�ects the overall rate 
performance.

� It is common for URLLC applications that 
require short TTIs to support wide subcarrier 
numerology. Based on both the �xed number 
of symbols per slot and the fixed CP length 
(for a given maximum delay spread), the CP 
overhead increases as the TTI shrinks. also, the 
delay yielded from the tails is critical for short 
TTIs.
Figure 1c shows that the f-OFDM exhibits lower 

OOBE than the others, because f-OFDM systems 
typically adopt a long �lter length, half the symbol 
duration. In contrast, WOLA-OFDM edges can be 
viewed as �lter tails with a small rollo� factor; their 
length is shorter than twice the CP length. Other-
wise, adopting a circular pulse-shaping �lter, GFDM 
does not present �lter tails. To enhance the OOBE 
performance of GFDM, an additional time-domain 
procedure, such as windowing and inserting guard 
subsymbols, is required. Meanwhile, since the tail 
overhead of f-OFDM is longer than the guard peri-
od in time division duplex systems, it adopts a burst 
truncation that results in higher OOBE.

Figure 1b shows the two slot designs used 
to reduce the CP overhead when the mobility 
requirement of the URLLC users is low. In the �rst 
case, a slot is organized for the back-and-forward 
compatibilities using a small number (e.g., one) of 
OFDM-based waveform symbols, although a nar-
row subcarrier numerology is used. For this case, 
researchers should investigate a frequency-domain 
slot design. The drawbacks are that the tail delay 
is non-negligible for URLLC users and that the tail 
overhead increases (especially during burst trans-
missions). In the other case, the subband for the 
short TTI uses GFDM, and an LTE-like slot design 
can be applied. For example, one GFDM symbol 
consisting of eight subsymbols can be viewed as 
one slot consisting of eight OFDM symbols.

Performance-Limiting Interference of Unrelated 
Numerology: The OOBE represents the level of inter-
band interference, which is unavoidable in numer-
ology multiplexing [7]. The improvement of spectral 
efficiency by reducing interband interference and 
the guard band provides the primary motivation for 
using NR waveforms. Nevertheless, in practical 5G 
systems, interband interference has a marginal thresh-
old of performance degradation [4], as shown in Fig. 
1c, because some sources of performance-limiting 
interference exist. These are:
� Under multicell scenarios, intercell interference 

is one of the dominant factors in the user-ex-
perienced signal-to-interference-plus-noise-ratio 
(SINR) because of the high network density.

� In multiple-input multiple-output (MIMO) sys-
tems, inter-stream interference is a perfor-
mance-limiting factor if the level of channel 
estimation error is non-negligible. This problem 

To enhance the OOBE 
performance of GFDM, 

an additional time-do-
main procedure, such 

as windowing and 
inserting guard subsym-
bols, is required. Mean-

while, since the tail 
overhead of f-OFDM is 

longer than the guard 
period in time division 

duplex systems, it 
adopts a burst trun-
cation that results in 

higher OOBE.
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EVALUATION ENVIRONMENTS
In this section, for the more practical system-level 
evaluation, we develop a 3D channel model using 
realistic digital maps based on a 3D ray-tracing 
tool and present two environments. The proposed 
3D channel model can re� ect the key challenges 
for NR waveforms� performance evaluation.

3D Channel Model: We implemented a digital 
map of the buildings surrounding GangNam Sta-
tion, Seoul, South Korea, as shown in Figs. 3a�c.  
The coverages of each cell vary due to the assort-
ed shapes and heights of the buildings. Besides, the 
buildings have detailed interiors consisting of glass 
(white), metal (brown), concrete (yellow), sheet-
rock, and wood. Such materials possess different 
attenuation factors.

We consider two outdoor scenarios: one is 
urban micro, and the other is heterogeneous net-
works (HetNets). The urban micro depicts a sev-

en-cell hexagonal layout deploying four micro base 
stations (BSs) with a three-sector beam antenna, as 
illustrated in Fig. 3b. In the HetNets scenario, seven 
small BSs, not sectorized, are appropriately located 
between the micro BSs at the middle of the build-
ing to enhance the SINR of the cell-boundary users 
and the sum rate per area, as illustrated in Fig. 3c.

We measure the received powers, OOBE propa-
gations, angle parameters, and power delay pro� les 
(PDPs) from the BSs to the user per subcarrier using 
a 3D ray-tracing tool, Wireless System Engineering 
(WiSE) developed by Bell Laboratories [10]. The 3D 
channels of each subcarrier of each user are gen-
erated by utilizing these measurements applying 
the clustered channel model equation (e.g., the 
equation in [11]), which ensures the proposed 3D 
channel model is realistic.

Simulation Procedure: We present the wave-
form multiplexing of three subbands. In considering 

FIGURE 3. A procedure of 3D system-level simulation for waveform multiplexing: a) a real environment, GangNam Station, Seoul, 
South Korea the picture of GangNam Station is taken from the website (http://map.naver.com); b) the conventional 2D outdoor 
scenario (seven-cell hexagonal layout); c) the digital maps of GangNam Station of the urban micro (left) and HetNets (right) sce-
narios. Various applications are serviced under these scenarios; d) a block diagram of the 3D system-level simulator.
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