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Abstract

In this paper, a novel Medium Access Control (MAC) protocol for industrial
Wireless Local Area Networks (WLANS) is proposed and studied. The main
challenge in industry automation systems is the ultra-low network latency
with a target upper bound in the order of 1 ms while maintaining high net-
work reliability and availability. The novelty of the proposed wireless MAC
protocol resides in its similar latency performance as its counterpart in wired
industrial LAN. First, the functional design of the MAC protocol is intro-
duced. Then its performance results gained from hardware implementation
(SystemC and VHDL) on an FPGA platform are presented. Finally, a
real-time communication module which achieves the ultra-low latency re-
quired in industrial automation is described.

Keywords
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1. Introduction

The recent advances in wireless networking have witnessed the emergence of
new wireless applications in different areas of the society. One of the most im-
portant wireless applications is wireless industry automation which incorporates
many wireless technologies to cope with the urgent requirements of the real-time
control communications. The two most significant requirements of the wireless
industrial automation are the ultra-low network latency of 1 ms or less and the
ultra-high reliability of millisecond outage per day [1]. These requirements have
been already met by wired industrial Local Area Networks (LAN). Examples of
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established wired industrial LAN systems are the Industrial Ethernet protocols
such as EtherCAT and ProfinetIRT+ [2] [3] [4] [5] [6]. Introducing innovations
in the higher protocol layers, the bus cycle-time has been reduced from 10 ms to
125 ps. Wires are expensive to install and maintain and the possibility of replac-
ing them with reconfigurable wireless links is a tempting opportunity for indus-
try. Achieving this replacement requires that the wireless connection works with
a similar latency, reliability and capacity as the wired counterpart and that its
management is simplified.

Low latencies are provided by a number of enhanced wireless systems. For
example, Wireless Hart guarantees a latency of 10 ms [7]. It is based on the
physical layer of IEEE 802.15.4. Mayank et al [8] report on a very innovative
protocol for highly reliable wireless real-time traffic that achieves a latency of ca.
1 ms. It is also built on an existing PHY layer. Both protocols are based on the
“CSMA/CA” (carrier-sense multiple access with collision avoidance) principle,
which does not really allow fast channel access (i.e. low latency) due to the “Lis-
ten before Talk” requirement. Another novel “TDMA”-based (time division
multiple access) MAC protocol that does not suffer from this restriction has
been proposed in [9]. Also, systems based on 5 G networks have been proposed
[10].

In this paper, a high-reliability and ultra-low-latency wireless MAC protocol
for industry automation applications is proposed and studied. Our solution is a
wireless extension of the wired Field Bus systems used in the industry automa-
tion to support easy device installation and mobility. It is named DEAL MAC
and is the core part of a large collaborative research project called DEAL, which
is a German acronym standing for “Drahtlose zuverlédssige Echtzeitkommunika-
tion fiir Automatisierung, Produktion und Logistik in der Industrie” (in English:
“Wireless Reliable Real-time Communications for Automation, Production and
Logistics in Industry”) [11] [12].

The rest of the paper will be organized as follows: Section 2 gives an overview
over the system requirements and architecture. In Section 3, the functionality of
the proposed MAC protocol is described, and simulation data for performance
(throughput, round-trip time) are presented. Section 4 covers MAC implemen-
tation as well as design and implementation of the complete DEAL communica-
tion module including its physical (PHY) layer. Finally, the conclusions are

drawn in Section 5.

2. System Requirements and Architecture

This section presents an analysis of the system requirements and, based on that,
the definition of the basic system architecture, in particular the MAC protocol.
We have adopted existing wireless standards and incorporated changes required

by our concept.

2.1. System Requirements

Wireless and mobile communication systems are becoming increasingly important
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for industrial automation, in which the most important system parameters to be
fully optimized are the network latency and reliability. The latency should be
minimized to a value below 1 ms and the reliability should be improved to
maintain a packet error rate in the order of 107°. Also, a data rate equal to or
greater than 20 Mbit/s must be satisfied. The system latency can be reduced by
fast data processing technologies (hardware versus software), reducing over-
heads (like frame preambles), flexible scalable packet lengths, clever acknowl-
edgement policies, and other advanced MAC protocol techniques. Potential in-
dustrial applications of such a system include switch-boxes (for example, inter-
connection with sensors), coupled-motor systems for automated production and
logistics, and production robots. Moreover, for driverless industrial trucks and
crash test vehicles, in addition to the real-time wireless communication, the
real-time wireless positioning with high accuracy in both the outdoor and in-
door scenarios is required. Therefore, innovative baseband and MAC protocol
solutions have to be explored and designed to boost the industrial applications of
the wireless communication technology. As there are already baseband chips on
the market, which allow latencies well below 0.5 ms, the real bottlenecks are the
traditional MAC protocols and data packet structures, which can raise the la-
tency above 30 ms.

A MAC protocol is part of most wireless and some wired communication sys-
tems. It controls the access to the shared medium, 7e. it defines rules, methods
and priorities to send data and management information. Normally, also frame
formats, acknowledgement policies, security features and similar properties are
defined. Many MAC protocols have been standardized in order to ensure inter-
operability of equipment from different manufacturers. Prominent examples are
the standards IEEE 802.11 for wireless LAN [13] and IEEE 802.15 for wireless
Personal Area Networks (PAN) [14]. Wireless communication networks for in-
dustry automation may be based on similar operation principles as conventional
WLAN. However, there are also important differences in the requirements as
shown in Table 1. For wireless industry automation, a novel proprietary MAC
protocol must be developed because the established standards such as IEEE
802.11 and IEEE 802.15.4 cannot meet the latency (round trip delay) require-
ments and suffer from very large overhead for small packet sizes [15] [16] [17].

Reliable real-time wireless communication for industry automation, e.g. in
order to simplify device installation and allow mobile nodes to be attached, is
still an open issue. Many research activities have recently been conducted to
tackle this challenge in the framework of the German so-called “Industrie 4.0”
program, where the DEAL project is one part. The real challenge of the wireless
automation is the traffic structure: packet size is quite low (few bytes per node in
contrast to standard WLAN, where it is in the range up to 1500 bytes), packet
loss rate shall be in the order of 10™° (while re-transmissions are almost forbid-
den for latency reasons), and traffic is very regular (same number of bytes in

each cycle, which has a length in the order of 1 ms).
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Table 1. Basic network parameters of industrial and standard WLAN.

Property Industrial Network Standard WLAN
Network topology Fixed Flexible and varying in time
Traffic characteristics Generally quite regular Generally bursty
Typical packet size 1- 32 byte Up to 1500 byte
Packet latency Below 1 ms Generally above 10 ms
Packet error rate Typically below 10~ Typically from 107 to 107™*
ARQ = Automatic Repeat Request ARQ hardly possible Reliability improved by ARQ

2.2. System Architecture

Several wired communication standards have been established for industrial
automation systems [2] [3] [4] [5] [6]. The most advanced ones are based on the
Ethernet physical layer, but the MAC protocols are unique and specific for each
standard. The goal of the DEAL project is to demonstrate a wireless extension of
such a conventional Field Bus system (e.g. EtherCAT or ProfiNet). It should eas-
ily integrate into existing systems, connect wirelessly access points and mobile
clients, and provide basically the same performance (with respect to data rate,
reliability, and latency). The extension should also include a localization feature.
A typical application scenario is sketched in Figure 1. The wired Field Bus sys-
tem consists of a “Field Bus Controller”, where a number of sensor or actor de-
vices are directly attached. Its wireless extension part is attached to the Field Bus
via a few base stations (access points). They control the wireless network that
may connect several additional sensors and actors wirelessly. The interface be-
tween a DEAL radio module (actually, its MAC layer) and a Field Bus device or
controller is based on SPI. A commercial field bus converter converts this to one
of the common Field Busses like EtherCAT or ProfinetIRT+. The DEAL system
also contains a localization system, based on a time difference of arrival (TDoA)
method [18]. Each node can determine its own position, based on ranging
measurements to several fixed base stations. This is sketched in Figure 1, but not
further discussed in this paper.

The physical (PHY) layer of the DEAL wireless extension network is the one
of IEEE 802.11a (5-GHz OFDM Wi-Fi) [13]. It provides the required data rates
(a few tens of Mbit/s) and is proven to be robust in multi-path environments.
One drawback is the relatively large packet overhead due to preamble and signal
field (20 ps) when the data packets are small like in Field Bus systems (typically
4 - 16 bytes, which corresponds to around 3 - 12 ps at 12 Mbit/s). However, this
is a common bottleneck in conventional packet-based wireless systems.

The DEAL MAC has been developed from the scratch and tailored to the de-
mands in industry automation. To meet the extremely challenging latency and
jitter requirements, the complete MAC layer has been implemented in hardware
(on an FPGA). This comprises sending and receiving data packets with low la-

tency, frame timing within a super-frame, time synchronization between
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Figure 1. DEAL system architecture.

stations, and beamforming. For system setup and configuration, there is a soft-

ware tool that runs externally, e.g. in the Field Bus controller.

3. MAC Layer

Because of the hard MAC latency requirements and the regular traffic structures
we have decided to implement the MAC layer fully in hardware. In this case, we
do not have to expect performance bottlenecks as in software solutions. On the
other hand, the flexibility and extendibility of the hardware implementation will
be restricted [19] [20].

The MAC processor core has been primarily designed and simulated in Sys-
temC. This is a hardware-oriented extension of the well-known C programming
language. The MAC behaviour and performance can be well simulated in Sys-
temC. Then, the commercial software tool “Stratus” (from Cadence, formerly
“CtoS”) was used to generate synthesizable RTL-level Verilog code from Sys-
temC. The Verilog code was supplemented by a few components (e.g. interface
blocks) directly written in VHDL. Finally, the whole MAC design was synthe-
sized and implemented for a Xilinx Artix7 FPGA platform.

3.1. MAC Functionality

The MAC network architecture consists of a central controller (access point/base
station) and several stations (nodes). Data transfer is performed between con-
troller and nodes only (as opposite to peer-to-peer communication). The station

(node) provides the following functionality:
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* Frame transmission and reception (cyclic and acyclic data) with = 2 us preci-
sion in time,

* Error checking (CRC on top of the Viterbi decoder in the PHY layer),

¢ Frame re-transmission if required (missing acknowledgement), duplicate re-
jection,

* Management of tables for beam forming parameters (including reception and
forwarding of localization information in frames from nodes to base sta-
tions),

* Evaluation of time synchronization signals and adjustment of the time base.

The base station (access point) provides the following additional functionality:

* Maintenance and administration of the MAC super-frame structure,

* Transmission of time synchronization signals to synchronize all nodes in the
network (precision = 2 ps),

* Association/disassociation of nodes at the access point, optionally remote
configuration of nodes from the Field Bus controller.

Figure 2 shows a simplified but typical super-frame structure. The base sta-
tion sends a beacon, broadcasting some general system parameters like network
ID and system time. To save preamble overhead, it directly concatenates to all
downlink data packets (downlink data fragments). The nodes send their uplink
data in individual data frames, each needing its own preamble and other frame
overhead like inter-frame spacing. The super-frame period must be long enough
to cover all frames that must be transferred to serve all sensors/actors/motors in
the network. In a real radio network, one has to expect frame errors, where
re-transmissions must be carried out to meet the reliability requirements. In real
Field bus systems, also so-called “acyclic data” are transferred (normally much
less than once per Field Bus cycle), e.g. for configuration purposes. For this, we
have reserved some time at the end of the super-frame period in the DEAL MAC
as shown in Figure 3. This time period is called On-Demand Period (ODP) and
may also be used for acknowledgements (ACKs) for uplink data.

The interface between Field Bus and MAC processor core is a 16-bit Dual-Port
Memory (DPM) interface as usual in Field Bus systems. Our MAC processor
incorporates an SPI slave, that is connected to a converter chip (see Figure 1),
which converts the data to the format used in the Field Bus network. Such chips
are commercially available for different Ethernet-based flavours of Field Bus.
Logically, the MAC-Field Bus interface provides a number of addressable regis-
ters (or memory cells) that can be read and written by the SPI and MAC proces-
sor core to interchange control data (parameters) and cyclic or acyclic Field Bus

payload data (wireless frames).

3.2. MAC Performance

In this section, we simulate the performance of our novel MAC protocol imple-
mentation in order to study its latency (round-trip time, minimum super-frame

period) as a function of the network size (number of the wireless nodes), the
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Superframe Period = Round Trip Delay

Base Beacon Datal - Data3 ~8bgte Beacon
Station Datal =50 us

Nodes1-3 Data3

Figure 2. Basic DEAL MAC super-frame structure with typical timing data.

<———— Superframe-Period = Round Trip Delay ———————|

. on-Demand
<« Regular Period | . —
Period
Base Beacon + Downli-c Data Uplink Cyclic Data Retrans- Beacon
Station

missions

Nodes 1-3 -

Figure 3. DEAL MAC super-frame structure with On-Demand Period (ODP).

Data

data packet length and the data rate of the underlying PHY layer. Firstly, error-free
transmission is assumed, and then the influence of packet errors is roughly esti-
mated.

We calculate the (minimum) length of the super-frame period, which is re-
quired to cover all frames needed to transfer a certain number of payload bytes
downlink and/or uplink to/from each node in one Field Bus cycle, which is pre-
sumed to be equal to the super-frame period. We vary the number of nodes,
payload sizes, PHY data rate, etc.

For each PHY frame (IEEE 802.11a compliant), the following parameters are
taken into account:

* 16 ps Preamble of the Packet.

* 4us(=1OFDM symbol) Signal field.

* 1n x4 ps (=n OFDM symbols) PHY Payload (with variable data rate)

* 8 s (=2 OFDM symbols) nominal spacing between two packets

Within the PHY payload, the following overhead is taken into account:

* 2 bytes for scrambler initialization and Viterbi tail bits.

* 3 bytes for fragment 0 (protocol version, MAC source address, emergency
stop)

* 5 bytes fragment header + CRC for each fragment in the packet.

The packet length in bytes is converted to packet duration depending on the
data rate. It is taken into account that the packet duration is always an integer
multiple of the OFDM symbol duration of 4 us.

From this, the packet durations are calculated and aggregated for three data
rates 6, 12 and 24 Mbit/s. This results in the super-frame period, which is at least

required to transfer all the data.

3.2.1. Data Transfer without ACKs and Retransmissions
First, the performance is calculated assuming that all packets can be delivered

without errors. Therefore, no (time) reserves are necessary for re-transmissions.
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Figure 4 shows the minimum required super-frame period for a network in
which four bytes are to be transmitted in the downlink and uplink for each node
in each cycle. For this constellation, approximately 100 stations can be supplied
with a round-trip delay of ca. 5 ms at a data rate of 12 Mbit/s. The latency in-
creases linearly with the number of nodes in the network, 7.e. a network consist-
ing for example of 10 nodes could be served within 0.5 ms super-frame period
(or round-trip delay).

Figure 5 shows the situation if, for each node, 4 bytes are to be transmitted
either in the downlink or the uplink only. In the downlink, the data is directly
“attached” to the beacon without a large overhead, whereas a preamble, a signal
field and an inter-frame spacing are required for each packet in the uplink. The
latter is much less performant, Ze. the minimum super-frame duration is sig-
nificantly greater. Since only one packet with a relatively large PHY payload and
relatively small overhead (preamble, etc.) is sent in the downlink, the influence
of the data rate is significantly stronger. The duration of short packets, on the
other hand, is dominated by the overhead and the data rate has relatively little
influence.

Finally, Figure 6 shows curves for different packet sizes at a fixed data rate of
12 Mbit/s. In the uplink, significantly more time is required than in the
downlink since every data frame needs its own preamble. In the downlink the
super-frame period increases strongly with the size of payload data since the
overhead is small (only one preamble) and the frame duration depends largely
on payload size and data rate. This is much less pronounced in uplink, where the
timing is dominated by the overhead (mostly the preamble), which does not
scale with payload size. The curves for 4 and 8 bytes even coincide because the
same number of OFDM symbols is in both cases. Including header overhead,
both PHY payload sizes of 4 or 8 bytes fit into 3 OFDM symbols of 6 bytes each
at 12 Mbit/s.

T T T T T T T T T T T T T T T T T

6 4 byte up, 4 byte down
zero ODP (no ACKs)

—a— 6 Mbit/s
5r o— 12 Mbit/s
—A— 24 Mbit/s

superframe period (ms)
w

N n " " 1 n 1 n 1 n 1 " 1 n 1 "
0 10 20 30 40 50 60 70 80 90 100
number of nodes

Figure 4. Minimum super-frame duration for 4 bytes in downlink
and uplink each.
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superframe period (ms)

0,8

0,6
0,4

0,2

0 byte up, 4 byte down
zero ODP (no ACKs)

—=— 6 Mbit/s
—e— 12 Mbit/s
—4A— 24 Mbit/s

10 20 30 40 50 60 70 80 90 100
number of nodes

(a)

superframe period (ms)

I

w

IN)

4 byte up, 0 byte down
zero ODP (no ACKs)

—a— 6 Mbit/s
—e— 12 Mbit/s
—A— 24 Mbit/s

10 20 30 40 50 60 70 80 90 100
number of nodes

(®)

Figure 5. Minimum super-frame duration for 4 bytes either in downlink (a) or in uplink (b).

superframe period (ms)

08

0,6

0,4

0,2

0,0

downlink only, 12 Mbit/s

zero ODP (no ACKs)
4 16 byte

—m— 8byte
®— 4 byte
= 1 byte

10 20 30 40 50 60 70 80 90 100
number of nodes

(a)

superframe period (ms)

IS

w

N

uplink only, 12 Mbit/s
zero ODP (no ACKs)
4— 16 byte
=— 8 byte
—eo— 4 byte
=— 1 byte

Curves for 4 and 8 byte coincide

10 20 30 40 50 60 70 80 90 100
number of nodes

(b)

Figure 6. Minimum super-frame duration for variable data packet size either in downlink (a) or in uplink (b).

3.2.2. Data Transfer with ACKs and Retransmissions

If an On-Demand Period (ODP) is introduced, as shown in Figure 3 or Figure 7,

the possibility exists to send incorrectly received packets again (re-transmission).

Moreover, the ODP can be used to transfer so-called acyclic data. These may

occur occasionally (e.g. for system [re-]configuration). Normally, transfer of

acyclic data is not critical with respect to latency, by correct delivery must be

guaranteed. This means, that acknowledgements (and possibly re-transmissions)

are a must.

For the ODP, a certain time is reserved in the super-frame period, which

lengthens it. To estimate the degradation of the latency, we measure it’s duration

in units of the uplink frame duration. This should be the typical case: a complete

packet including preamble etc. needs to be repeated. This takes as long in the

downlink as in the uplink.

From Figure 8(b), it can be seen that at least for large networks with many

nodes the super-frame period increases only insignificantly due to an ODP. This
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«——— Superframe-Period = Round Trip Delay ——————
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Figure 7. DEAL MAC super-frame with acknowledgement (ACK) and optional retrans-

mission.
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Figure 8. Minimum super-frame duration for different acknowledgement policies ((a): individual acknowledgement, (b): im-
plicit/group acknowledgement in an ODP).

presumes that the packet error rate remains significantly smaller than the recip-
rocal number of stations, so that re-transmissions are rare and do not occur
more than once per super-frame period.

The DEAL MAC supports different types of acknowledgements. The most in-
efficient one is an individual acknowledgement frame that is immediately sent
by a receiver if it has correctly received a data frame. This results in an acknowl-
edgement frame that requires the full overhead (preamble and inter-frame spac-
ing) but transfers only one bit of information. For standard WLAN this is often
the best choice, because this policy is the most flexible one for bursty traffic.

For DEAL, the impact of this policy is simulated in Figure 8(a). The data shall
be compared with Figure 6. Although there are only downlink data (as in Figure
6(a)), the achievable super-frame period compares with Figure 6(b) (uplink
data). This means that from the efficiency point of view, the individual acknowl-
edgement behaves like uplink data, but no (payload) information is transported.

If there are uplink data, the best choice is to combine acknowledgement for
downlink data and uplink payload data into one frame (implicit acknowledge-
ment). The uplink data are acknowledged by the base station in a group ac-
knowledgement, sent in the ODP period (see Figure 7). There is only one frame

required that covers one acknowledgement bit for each uplink frame.
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Implicit acknowledgements come with nearly zero-penalty when they are
piggy-backed to data frames of the opposite direction. Also, the impact of the
OPD period that is required for the group acknowledgement and the possibly
required re-transmission of a payload data frame results in a very small over-

head, as seen in Figure 8(b).

4. System Implementation

A complete wireless communication system should fulfil the following demand-
ing requirements: very low round-trip delay of <0.5 ms, very low jitter of <20 us,
and very high reliability (packet error rate less than 10~°) for a network size of 2 -
100 nodes. In order to support efficient development and roll-out, we implement
the system relying on existing standards (e.g. Field Bus) and innovative solu-

tions.

4.1. MAC Layer

In this section, we briefly describe our implementation of the DEAL MAC layer.
The main reason for implementing it in hardware, and not in software like in
[21], is to meet the extremely challenging latency and jitter requirements for in-
dustrial automation. Also, the data traffic is quite regular and frame structure is
simple. So, the administrative effort is relatively low and can be handled by
hardware, which is usually less flexible than software. In a standard digital
hardware design flow, one would design all components in VHDL or Verilog,
write respective test benches, simulate, synthesize and layout the design and
manufacture it. Usually, first an FPGA-based system would be built for extensive
real-time tests. Later, an ASIC implementation could be carried out.

In our proposed DEAL MAC, we have tried a design flow that runs at a higher
abstraction level and that is closer to software development principles. The lan-
guage SystemC is an extension to the well-known C programming language. It
allows partitioning the system into different modules operating in parallel (like
entities/instances in VHDL). Within each module, several processes (or meth-
ods) can be declared (like parallel threads in software). We have used this ap-
proach for a pure hardware implementation. Generally, it would also be possible
to carry out (and optimize) a hardware-software partitioning of the system. The
main advantage of our SystemC approach is that operations can be performed in
parallel (since it is hardware), but the syntax used for designing is basically the
software programming language C. This is easy to learn for software developers.
Cadence's “Stratus” compiler is used for generation of HDL code (Verilog) from
SystemC. Some peripheral blocks like the external Field Bus (SPI) interface have
been designed directly in HDL. The main reason is that they have asynchronous
or pausible clocks, which cannot be handled in SystemC. Finally, all HDL
sources are combined with a top-level VHDL module and a constraint file to
generate the FPGA implementation in a standard Xilinx ISE design flow. Also,

an ASIC implementation would be possible.
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The SystemC-based design flow that has been exercised included the following

steps (for details see also [16]):

* Design of the MAC layer with all functional details in SystemC,

¢ Verify of the correct MAC function using SystemC test benches and simula-
tions,

¢ Convert the SystemC MAC model into RTL-level synthesizable Verilog code
using the Cadence’s “Stratus” tool (formerly “CtoS” = “C to Silicon”),

¢ Co-simulate the generated Verilog code with the SystemC'test benches,

* Optionally, build VHDL or Verilog test benches for a pure Verilog/VHDL
simulation,

* Implement the MAC processor on an FPGA using standard Xilinx design
tools.

The hardware platform for the MAC implementation is a board designed
around a Xilinx Artix7 XC7A200T FPGA. Apart from the FPGA chip (which is
jointly used for MAC and digital baseband), the board provides power supply,
the SPI interface to attach the Field Bus converter chip for FieldBus connections,
the interface to the RF frontend board, an LCD display and a number of general
purpose pins that can be used for debugging. More details are given at the end of

chapter 4.2. A photo is shown in Figure 11.

4.2. Digital Baseband Processor

The DEAL physical layer complies with the IEEE 802.11a standard [13] (5-GHz
OFDM WiFi). It provides data rates of 6, 12, and 24 Mbit/s and is proven to be
robust in multi-path environments. The PHY frame structure (16 ys preamble,
4 us signal field, variable length PHY payload) exactly complies with the stan-
dard. The structure inside the PHY payload, however, is completely different.
We also reduce the nominal inter-frame spacing in order to improve the latency
(reduce the overhead) for the DEAL packets, which are typically quite small
(around 10 - 50 bytes).
The block diagram of the digital baseband processor is shown in Figure 9.
Major building blocks are (see also [22]):
* Scrambler/Descrambler: data randomizer to suppress long constant bit se-
quences
* Convolutional coder/Viterbi decoder: forward error correction (conv. coder,
rate 1/2) for correcting errors in received data
* (De-) Mapper + (De-) Interleaver: spreading of data bits to individual
OFDM sub-carriers
e FFT (this block is shared between TX und RX): fast Fourier-Transformation
frequency «> time domain
* Synchronizer: synchronization of received frames with respect to time and
frequency
The baseband processor has been designed in the traditional way using the

VHDL hardware description language. The main clock frequency is 20 MHz,
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Figure 9. Block diagram of the DEAL OFDM baseband processor (IEEE
802.11a compliant).

which corresponds to the sample rate of the baseband signal delivered to the
DAC converters and received from the ADCs, respectively. In order to simplify
low-pass filtering of these signals, however, the sample rate of the converters is
doubled to 40 Msample/s. The converters are integrated into the RF frontend
chip. The DAC/ADC data bus width is 12 bits.

For DEAL, we have made an FPGA implementation on a Xilinx Artix7
XC7A200T FPGA. This device is large enough to accommodate the MAC to-

gether with the baseband processor. In total, the following FPGA resources are

needed:

Number of Slice Registers 30,663  (out of 269,200)
Number of Slice LUTs 41,426  (out of 134,600)
Number of RAMB36E1s 7 (out of 365)
Number of RAMB18E1ls 20 (out of 730)
Number of DSP48E1s 59 (out of 740)
Number of BUFG/BUFGCTRLs 9 (out of 32)
Number of bonded IOBs 123 (out of 285)

4.3. Radio Frontend

The RF radio frontend in our current first DEAL module implementation is re-
alized using the RF Agile Transceiver chip AD-9361 by Analog Devices plus an
external power amplifier. The AD-9361 is a very complex, flexible and powerful
radio chip well suited for our purpose. In the second stage we will use a tailored
RF frontend chip developed at the DEAL partner TU Dresden that additionally
will support beamforming and beamsteering on patch antennas [18].

Figure 10 shows the block diagram of this DEAL RF front-end. It is a zero-IF
architecture with modifications for transmitting and receiving FMCW chirps as
needed for localization. The requirements for transmitter linearity are set by the
needs of the OFDM communication system since the localization is purely fre-
quency modulated where linearity is not important issue. Furthermore, the lo-

calization system does not need a base band, because it uses the Phase-locked
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Figure 10. Block diagram of the DEAL Radio Frontend (by courtesy of B. Lindner).

Loop (PLL) to directly modulate the oscillator and generate the chirp. In the
transmit mode, the output of the PLL can be switched directly to the input of the
Power Amplifier (PA) for localization or to the mixer for communication. When
receiving a chirp, it is mixed down with another chirp from the PLL. Then, as for
communication, the resulting base band signal will be filtered with a configur-
able low pass filter and amplified by a Variable Gain Amplifier (VGA).

4.4. Communication Module

A photo of the current DEAL communication module is shown in Figure 11. It
consists of two boards: the lower one for the AD9361 RF frontend, the upper one
containing the Xilinx FPGA for the MAC and baseband processors and the
power supply. The external interface is an SPI that may be attached to common
Ethernet-based Field Bus systems using commercial of-the-shelf Field Bus con-
verter chips (see Figure 1). The SPI cable can be seen in the photo’s upper right
corner. We are using two separate antennas for transmit and receive. The base
size of the module is about 8 x 9 cm?.

As first experimental setup to try the whole communication system, we have
placed two DEAL modules (base station and one node) in a lab environment. The
Field Bus network and controller are replaced by an SPI connection to a standard
PC (via SPI «<» USB converter) and a terminal program to control the setup. Pay-
load data are provisionally generated by a small hardware block inside the FPGA.
A logic analyser was used to visualize and verify the functionality of the system.

Figure 12 shows a snapshot from the Logic Analyser. We see the
quasi-analogue ADC/DAC signals (I and Q components) of two MAC frames.
The left one is a beacon, concatenated with downlink data, the other one an up-
link data frame. At the right border, the next beacon starts. The white waves be-
long to the DEAL base station, which sends the beacon and receives the uplink
data. The yellow waves belong to the DEAL node, where the direction is reversed.

At the beginning of received frames, one can see some irregular waveforms
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Figure 11. Photo of the DEAL communication module.
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Figure 12. Screen shot from Logic Analyzer depicting a DEAL frame transfer.

that are due to settling of the AGC (automatic gain control) integrated into the
AD-9361 radio receiver.

The blue waves labelled “AD_TXnRX” indicate where a module is transmitting.
The green waves labelled “AD_AGC_EN” indicate where the AGC is frozen, ei-
ther because of the station is in transmit state or when the AGC has settled after
roughly half of the preamble. The pink waves show the synchronization pulses
“FrameSync” that indicate correct preamble detection. At the bottom, the data
traffic at the MAC-PHY interface is visible. Individual bytes are not resolved on
this time scale, but can be observed in detail by zooming in on the time axis.

From the two cursors one can see that the super-frame period is 0.2 ms. This
is a bit longer than one would expect from Figure 4 for one node. The reason is
that due to non-optimal TX <> RX turnaround time of the AD-9361 chip, the

inter-frame spacing must currently be set to values around 32 ps instead of 8 ps
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(= 2 OFDM symbols) as presumed when calculating the curves in section 3.2.

5. Conclusion

An ultra-low-latency and high-reliability WLAN MAC protocol for industry
automation applications has been designed, simulated and implemented fully in
hardware. We gave a description of the functionality, the digital design flow and
implementation of the proposed DEAL MAC based on SystemC and VHDL/
Verilog. We have studied and simulated the latency performance of the pro-
posed DEAL MAC as function of network parameters like number of nodes,
data traffic, PHY data rate, and others. The simulation results have shown that
in our proposed DEAL MAC a network with 10 nodes can be served within 0.5
ms of cycle time (super-frame period). Cycle time scales linearly with the num-
ber of nodes. Due to MAC and PHY overhead, it is not linear with PHY data rate
and payload data size. Uplink data traffic suffers much more under these prob-

lems than downlink traffic.
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