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Abstract. Low latency communication has attracted much interest in recent
years due to the emergence of new types of delay-sensitive applications. Ultra-
Reliable and Low-Latency Communication (URLLC) is also considered as one
of the important use-cases in 5G cellular system. Traditional wireless commu-
nication system is usually optimized for high data throughput, but cannot satisty
the requirement of strict latency threshold. Semi-persistent scheduling and TTI
shortening are two methods to address this problem. We implemented these
methods by making modification based on OpenAirlnterface framework, and
build up a realistic cellular network system using software-defined radio tech-
nology. Experimental results show a dramatic latency reduction comparing with
the baseline LTE scheme. By integrating these effective methods, we imple-
mented a practical wireless communication system that can provide low latency
transmission service.

Keywords: Low latency * Software-defined radio - URLLC -
OpenAirlnterface

1 Introduction

The 5G wireless communication system has been developed rapidly in recent years,
and has been gradually used commercially worldwide. One big difference between 5G
and 4G is that 5G is expected to support multiple new applications and use-cases rather
than traditional communication scenarios [1]. To meet the requirement of new appli-
cations, three different service categories have been introduced: enhanced mobile
broadband (eMBB), ultrareliable and low-latency communications (URLLC), and

massive machine-type communications (mMTC) [2, 3].

The initial phase of 5G deployment is eMBB, which provides higher throughput and
data rate with moderate latency. High resolution video streaming is the main application

of eMBB, such as AR/VR/MR media, 4 K/8 K video, panoramic video, etc.
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With the development of factory automation, autopilot vehicles, smart grid, Intel-
ligent Traffic System (ITS), etc., traditional wireless system has an urgent motivation to
evolve and adapt to new applications. These applications usually don’t need high data
rate transmission, but has a stringent requirement of latency and reliability. URLLC is a
typical scenario with such requirements [4, 5]. Figure 1 shows these new applications
and their requirements of latency and reliability [6].
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Fig. 1. URLLC use-cases and their requirements of packet error rate and latency

There are many enabling technologies of URLLC, such as short TTI, caching,
densification, joint scheduling, grant-free uplink, NOMA, MEC/FOG/MIST and net-
work slicing [7-10]. We would like to survey the related work as follow.

Ashraf et al. proposed a URLLC scheme for factory automation scenario [11]. They
used multiple technologies such as shorter TTI, shorter processing time, Semi-
Persistent Scheduling (SPS), Instant Uplink Access (IUA) and low complexity channel
coding. Simulation results showed good improvement of latency and reliability in a
factory deployment model.

Wang et al. gave a comprehensive evaluation of grant-free uplink transmission [12].
Data collision is an unavoidable problem in grant-free transmission, and would thus affect
reliability. There are many factors that may affect the performance of grant-free trans-
mission: number of active UEs, HARQ retransmission times, UE detection, SNR, packet
arrival rate, etc. Evaluation results showed that a contention-based grant-free transmission
scheme could well meet the reliability requirement within the latency bound.

Anand et al. proposed a scheme of joint scheduling of URLLC and eMBB traffic
[13]. Superposition, puncturing, overlapping and mini-slot approaches are used to
multiplex eMBB and URLLC traffic. Simulation results showed that this joint problem
had structural properties, then these properties enabled clean decompositions and
corresponding algorithms with theoretical guarantees.

According to our survey and investigation, most of these schemes have been
evaluated only by simulations, so we come up with the idea to implement a low latency
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scheme on a software-defined radio (SDR) system. we implement a realistic wireless
system and focus on optimizing the latency to reduce the overall network delay. By
doing this, we can evaluate the real-time performance of our scheme, and can use this
system as a platform to deploy delay-sensitive applications.

The rest of this paper is organized as follows. In Sect. 2, we analyze the compo-
sition of overall radio latency and propose two ways to reduce latency: semi-persistent
scheduling and short TTI. In Sect. 3, we described the design and deployment of our
system. Section 4 shows the experimental results of our scheme. In Sect. 5, we con-
clude our work and discuss the direction of future work.

2 Analysis of Latency Composition

A wireless system protocol stack consists of several layers (PHY, MAC, RLC, RRC,
PDCP, etc.), and there are many procedures in each layer. In this paper, we focus on
MAC and PHY layer, and mainly analyze two factors which contribute to overall
transmission latency: scheduling scheme and transmission time interval (TTI).

2.1 Scheduling Scheme

Scheduling is a key feature of MAC layer. In traditional cellular system, the base
station acts as the central control entity to allocate time and frequency domain
resources, and coordinate all the UEs attaching to this base station by signaling on
control channels.

Different scheduling schemes may have different impact on transmission latency.
Traditional LTE system uses dynamic scheduling scheme as default, which is fit for
mobile broadband traffic with no strict requirement on latency.

In dynamic scheduling scheme, downlink signaling and corresponding downlink data
can be sent on the same frame of transmission, so downlink latency is not a critical factor
in overall latency. However, in uplink transmission, a “request and grant” procedure is
performed when UE has uplink data to send, resulting in a longer latency. Optimization of
uplink scheduling scheme is a critical point to reduce the overall latency.

From Fig. 2(a), we can find that the traditional dynamic scheduling has following
steps [14]:

1. When an uplink packet arrives at UE’s MAC layer at subframe t, a Schedule
Request (SR) will be sent at subframe t + 4 on PUCCH.

2. The base station receives the SR at subframe t + 4, and scheduling algorithm is
used to make decisions for radio resource allocation. If UE’s uplink request is
granted, base station will send a specific type of Downlink Control Information
(DCI) at subframe t + 8 on PDCCH, allocating radio resource for UE’s uplink
traffic.

3. UE receives DCI at subframe t + 8, and process the data queueing in buffer. The
uplink packet will actually be sent at subframe t + 12.

4. If the uplink packet is correctly received by base station, an ACK would be sent at
subframe t + 16, informing UE of a successful uplink transmission.
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Fig. 2. Procedures of dynamic scheduling and semi-persistent scheduling

Such signaling procedure increases the latency. The overhead would be even bigger
when transmitting large amount of small size packet data.

Semi-persistent scheduling (SPS) is a commonly-used scheduling scheme to reduce
uplink latency. Figure 2(b) shows that when SPS is applied, the “request and grant”
signaling procedure is performed only once at the first attempt of transmission.
Afterwards, the uplink data can be sent on pre-allocated radio resource without per-
forming scheduling procedure again. The radio resource is allocated in a periodic
manner, and the period of SPS is configurable by the base station. User equipment
would wait for its turn to transmit uplink data.

SPS is intended to transmit periodic data, such as VoIP traffic and sensor network
data, and the period of SPS could be adjusted to match the production rate of uplink
data. For sporadic uplink data, SPS can also be applied to reduce latency, but at the cost
of spectral efficiency, because some resource may be over-allocated to user equipment
when there is no uplink data to transmit.

2.2 Transmission Time Interval

Transmission Time Interval (TTI) is a very important time parameter in cellular net-
work. TTI is the minimum time unit for many procedures such as channel coding,
interleaving and scheduling, so TTI duration would impact the radio latency.

TTI is mainly decided by the design of frame structure. In 4G LTE, TTI is fixed to
1 ms due to the static frame structure, which is equal to the duration of 1 subframe
(14 OFDM symbols with normal cyclic prefix). In 5G NR, numerology is introduced to
adjust frame structure. Numerologies represent different configurations of Subcarrier
Spacing (SCS). According to the theory of OFDM, OFDM symbol duration need to be
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inversely proportional to SCS to maintain the orthogonality of adjacent subcarriers,
which means symbol duration could be shortened with SCS expansion. This new frame
structure gives a possibility to shorten the duration of TTI. The baseline configuration
of SCS is 15 kHz, which is same with the LTE SCS, and SCS can be scaled with a
factor of 2, where p =10, 1, 2, 3, 4, 5]. Table 1 shows some combinations of
numerology, SCS, OFDM symbol duration and TTI.

Table 1. Numerologies and corresponding frame parameters

Numerology | Subcarrier OFDM symbol | TTI length TTI duration
(W Spacing (SCS) duration

0 15 kHz 66.7 us 14 symbols with normal CP | 1 ms

1 30 kHz 333 ps 14 symbols with normal CP | 0.5 ms

2 60 kHz 16.7 ps 14 symbols with normal CP | 0.25 ms

3 120 kHz 8.33 us 14 symbols with normal CP | 0.125 ms

Apparently, shorter TTI would have better latency performance. TTI consists of
several OFDM symbols, so there are two ways to reduce the duration of TTI: reduce
the number of OFMD symbols within a TTI, or reduce the duration of an OFDM
symbol. For the former case, mini-slot is introduced in 5G NR as a smaller transmission
unit. UE can be scheduled either on slot level (duration of 14 OFDM symbols) or on
mini-slot level (duration of several OFDM symbols that can be configured). Mini-slot
is a good way to shorten the duration of TTI, but requires lots of modifications of frame
structure and signal processing procedures. For the latter case, by increasing the
numerology, we can shorten the duration of OFDM symbol, and thus shorten the TTI.
When numerology increases, the frame structure is expanded in frequency domain, and
is compressed in time domain. In our experiment, we choose to increase numerology
and keep the number of symbols within TTI unchanged. Figure 3 shows the frame
structures of different numerologies.
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Fig. 3. 5G NR Frame structure of numerology 0 and 1 on time and frequency domain
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Shorter TTI have better performance on latency, but TTI can’t be reduced infinitely.
Shorter TTI would result in higher inter-symbol interference and lower efficiency of
channel coding, interleaving, spectrum utilization. A tradeoff should be made to choose
a proper TTI to meet the requirement of particular applications.

3 System Design and Deployment

Software-defined radio (SDR) is a kind of radio communication system which
implements most of radio signal processing by means of software running on a CPU or
DSP, instead of running on specific hardware in traditional wireless system. SDR
technology gives more flexibility and convenience on developing radio systems.
Researchers can modify the procedures and functions by simply modifying software
code, and it’s very suitable for implementing prototype system or verifying new
schemes. The hardware and software of our SDR system are:

Host Machine: DELL PowerEdge 8700

OS: Ubuntu 16.04

Radio Device: Xilinx Virtex-6 FPGA + Analog Devices AD9361
SDR Software: Eurocom OpenAirInterface

Our radio frontend device is built up with a Xilinx Virtex-6 FPGA evaluation board
and Analog Devices AD9361 radio transceivers, and use PCI-E interface to stream
samples to the host machine.

Three host machines are needed by our SDR system. Host Machine 1 runs the
components of LTE EPC: HSS, MME and SPGW; Host Machine 2 and 3 are plugged
with radio devices and run the softmodem program of eNode and UE respectively. Host
Machine 1 and 2 are connected to the same router to provide a backhaul link.

Channel condition is a critical factor in realistic wireless transmission. If channel
condition fluctuates a lot, some packets could not transmit successfully at first attempt,
and retransmissions would be triggered frequently, causing large fluctuation of latency.
To create a relatively stable testing environment, we keep the antennas of UE and
eNodeB at a close distance with direct sight to provide a good channel condition, so
that most packets can be sent successfully in one transmission.

The SDR software we used in our experiment is OpenAirInterface (OAI). OAl is an
open source software radio framework initiate by Eurocom [15], which implements full
protocol stack of LTE UE, eNodeB and EPC, forming a complete LTE SDR system.
Because the 5G NR version of OAI is under development, we still use the 4G LTE
version of OAI as framework and make our modification based on 4G LTE.

Dynamic scheduling is the default option in OAI, and uplink scheduling is trig-
gered by Scheduling Request (SR) or Buffer Status Report (BSR). Following items
show our modifications of the scheduling algorithm:

e Disable the uplink scheduling request and grant procedure.
e Use subframe number as index and allocate uplink resource to UE periodically to
implement the behavior of SPS.



666 Y. Liu et al.

e Set different period of SPS. For example, if period is set to 1, data can be transmitted
on every TTI; if period is set to 3, there is only 1 transmitting TTI in every 3 TTIs.

Next, we try to adjust the transmission time interval to minimize latency. Because
we are still using LTE version of OAI as framework, and LTE doesn’t support
adjustable subcarrier spacing, so we need to set it manually. We set the subcarrier
spacing to 15 kHz or 30 kHz by reconfiguring the radio device on both UE and
eNodeB side. By doing this, we can make the LTE system running at 1 ms and 0.5 ms
TTI respectively.

Figure 4 shows the full deployment of our SDR system.

eNodeB UE
antennas antennas

EPC i eNodeB f UE
| 1} ‘

Fig. 4. Full deployment of our SDR system.

4 Experimental Results

First, we give a standard LTE configuration as baseline:

Subcarrier Spacing: 15 kHz

OFDM symbol duration: 66.7 s

Multiplex Mode: FDD

TTI duration: 1 ms

Scheduling scheme: dynamic scheduling (DS)

In realistic wireless system, it’s not easy to measure the latency between UE and
base station directly, so we use round-trip time (RTT) of ping as the indicator of
latency. Ping is initiate by UE, and the latency includes transmissions of a Scheduling
Request, a Scheduling Grant, a ping request and a ping reply. Ping is based on IP
packet, and it can better represent the latency that applications may experience in
mobile system. The total round-trip time of ping can be calculated by the following
equation:

Lotal = skt Isgt IREQT IREP

toa: the total round-trip time of ping;

tsg: time of uplink Scheduling Request transmission;

tsg: time of downlink Scheduling Grant transmission;

Irio: time of uplink ping request transmission;

trep: time of downlink ping reply transmission.



Low Latency Wireless Communication System 667

When a UE is attached to the base station, a virtual network interface would be
created on UE’s host machine, and an IP address would be assigned to this UE by the
EPC, and this UE is now able to exchange IP traffic with the network. We ping the core
network’s packet gateway (PGW) from UE for at least 200 times at one second
interval, and take the average ping RTT as the value of latency. All the latency in the
following parts of this article is calculated in this way.

To verify the impact of different packet size to the network latency, we disabled the
function of dynamic radio resource allocation, and manually set some parameters to let
each transmission has the same transport block size (TBS). In our experiment, we set
the number of uplink resource blocks to 6 RB, and set uplink Modulation and Coding
Scheme (MCS) to 8, so that the uplink TBS is fixed to 101 Bytes. When the size of an
uplink packet exceeds TBS, multiple transmissions would be needed for one packet (64
Bytes: 1 transmission; 256 Bytes: 3 transmissions; 1024 Bytes: 11 transmissions), and
this would have certain impact on latency when using large period SPS scheme.

First of all, we validated the performance of shorter TTI. From Fig. 5, we can find
that there is a proportional relation between TTI and ping latency. When TTI is
shortened from 1 ms to 0.5 ms, the ping latency also cut in half. We also tried to
shorten the TTI to 0.25 ms, but UE failed to complete the random access procedure and
couldn’t attach to base station. This may be caused by the increasing Inter Symbol
Interference (ISI) and the limitation of hardware’s capability.

45 - —e—1ms TTI, DS (baseline)

40 4 ' —e—1ms TTI, 1TTI period SPS

—e—1ms TTI, 2TTI period SPS
1ms TTI, 3TTI period SPS

--e--0.5ms TTI, DS

--e--0.5ms TTI, 1TTI period SPS

--e--0.5ms TTI, 2TTI period SPS

--e--0.5ms TTI, 3TTI period SPS

Round-trip time of ping (ms)

0 128 256 384 512 640 768 896 1024
Packet Size (Bytes)

Fig. 5. Latency performance of different TTI duration and scheduling scheme combinations.

Secondly, we validated the performance of optimized uplink scheduling scheme.
We applied the modifications mentioned in Sect. 3 to replace the original dynamic
scheduling (DS). From Fig. 5, we can find that 1 ms period SPS can reduce the latency
by about 5 ms comparing with the baseline when transmitting small packet, and this is
contributed by removing the scheduling request and grant procedure, so there is no #s
and tgg components in overall latency.
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With Fig. 5,if the uplink packet size is small enough to be sent in one transmission,
SPS could have a better latency performance, but if packet size is as large as several
times of TBS and the period of SPS is large, SPS performance may be worse than DS.
This experiment proved that SPS fitted for periodic small packet traffic. Setting the
uplink SPS period to 1 TTI will have the best latency performance because all the data
packets could be transmitted immediately upon arrival of MAC layer, but at the cost of
reduced spectral efficiency and resource utilization.

By combining shortened-TTI and SPS together, we achieved a minimum 5.3 ms
RTT of 64 Bytes ping packet. With this latency level, we have reduced about 65% of
network latency comparing with the LTE baseline profile.

5 Conclusion and Discussion

In this paper, we analyzed two major factors contributing to network latency in wireless
system: scheduling scheme and transmission time interval. We implemented semi-
persistent scheduling and short TTI schemes on a software-defined radio platform and
verified the performance. Experimental results show a notable improvement on net-
work latency. The overall delay can be reduced significantly comparing with the
baseline LTE system, making it feasible to deploy delay-sensitive applications.

As part of our future work, we also investigate other methods to reduce wireless
network latency, such as mini-slot frame structure and HARQ RTT shortening. By
exploiting the potential of all these methods, we expect to reduce the latency fur-
thermore, and build up a practical system that can meet the strict latency requirement of
URLLC.
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