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The typical challenge in embedded hardware development is the data
transfer subsystem. As long as the required speeds are low and high latency
is acceptable, there is quite a simple solution with serial bus like controller
area network (CAN). In case of high speed (hundreds of megabits per
second) with the high temporal determinism, the solution becomes
significantly more complicated, requiring expensive components and
growing complexity of the embedded software/firmware. We consider
industrial inkjet as an example. The device typically includes moving
carriage (with printheads) to jet along the media. Existing solutions use
optical fiber cable or shielded twisted pair (STP) cable to connect modules.
So, additional physical and logical devices are required (for example, for
buffering or serial-to-parallel data conversion). For a long time, this
approach has no valuable alternative. The novel single-module solution
involves abandoning the intermediate high-speed channel. Instead of
multiple modules and high-speed communication links between them, the
single module is installed near the data destination and connected to the
master PC via Ethernet. The functionality of high-speed data transfer
subsystem is delegated to the shared dynamic random-access memory
(DRAM) and controller, implemented with field-programmable gate array
(FPGA) resources. So, the connection cable is not needed anymore and the
transfer speed is virtually limited only by DRAM performance.
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1. INTRODUCTION

The current level of technology development is characterized by a continuous increase in
requirements for the performance accuracy of information processing. This inevitably leads to the growth of
data volumes and requirements for their transmission speed. This is equally true for both household and

professional industrial equipment.

Nowadays industrial equipment is fully coincident with that approach — it typically has multi-
module structure with portions of data that need to be transferred between them. If the data volumes are
small, then the use of well-known serial buses (SPI, 12C, and CAN) solves the problem. The task becomes
much more complex if it is necessary to transmit data at high speeds (hundreds of megabits per second or
more) and with minimal latency, which is often found in industry, for example, when controlling actuators. In
this case, a specialized intermodule communication channel is usually used.
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Let's take an industrial wide-format digital inkjet printer (WFDIP) [1]-[5] as an example (Figure 1).
The linear speed of the carriage can reach 2 m/s while printing, and the data flow to the print heads (PH)
must be uninterrupted. A typical solution for printer control system (PCS) includes a master personal
computer (MPC) and an embedded control system consisting of several modules (Figure 2). This solution
involves several high-speed communication channels with intermediate data buffering to prevent any data
transfer interruption.
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Figure 1. A typical flatbed WFDIP
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Figure 2. The simplified diagram of a PCS

That multi-channel multi-buffer approach requires a number of complex and expensive software and
hardware solutions. Thus, a typical power conditioning system (PCS) implemented according to this scheme
(Figure 3) was made using Xilinx Spartan-6 field-programmable gate array (FPGA) with multi-gigabit
transceivers [6]-[8]. To communicate with the MPC, a USB 3.0 interface (Infineon CY3014 controller [9]-
[11]) is used, and a fiber optic cable is the physical transmission medium [6]. This choice was made
according to the high requirements for the wear resistance of the cable, which is subject to continuous
bending during a normal printing operation (Figure 1). The required data transfer speed reaches 1.25 Gbit/s
or 2.5 Gbit/s, depending on PH quantity and printing resolution.

The previous generation multi-module PCS consists of three main functional units, as shown in
Figure 3. The main module (Figure 3(a)) is built around a Spartan-6 FPGA and integrates two STM32
microcontrollers along with a CYUSB3014 USB 3.0 controller, enabling high-speed data processing,
synchronization, and inter-module communication. The motion control module (MCM) (Figure 3(b)),
implemented using a Spartan-7 FPGA and two STM32 microcontrollers, performs real-time motion
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coordination and position feedback for precise mechanical actuation. The printhead module (PM)
(Figure 3(c)) employs a Spartan-6 FPGA and a single STM32 microcontroller to manage printhead operation,
including timing control, firing sequence generation, and high-speed data transfer from the main module to
the print elements.

Figure 3. The previous generation multi-module PCS; (a) main module (based on spartan-6 FPGA, two
STM32 MCUs and CYUSB3014 as USB 3.0 controller), (b) MCM (based on Spartan-7 FPGA and two
STM32 MCUs), and (c) PM (based on spartan-6 FPGA and STM32 MCU)

2. METHOD

The diagram shown in Figure 2 is typical for early WFDIPs. This architecture system with the
separate modules (SSM) was the result of the components’ performance limitations being existed at that
time: so, the calculation load falls on the host PC, while the control system only provides data tunneling to
the PH set and the carriage movement control. Each of the PCS tasks was solved by one or more modules,
since their structural unification was economically and technologically impractical.

As the electronic components improved, it became possible to implement more than one control
system subsystem on one module. This is how a system with combined modules (SCM) appeared — the main
module (MM) took over the functions of MCM. This results in a small economic effect, since the most
difficult to eliminate bottlenecks are remained unchanged. There were also attempts to implement auxiliary
subsystems (for example, ink supply subsystem) on the MM or MCM. As the application field of WFDIP has
expanded and the time it takes for new PH models to appear has decreased, the problem of PM adaptation has
arisen. The PM PCB has high complexity (usually at least 8 layers with a board size of about 300x400 mm),
so its complete redesign is an expensive and time-consuming routine. Therefore, another trend in the
development of PCS is a detachment of parts specific to a given PH model to a separate printhead driver
module (PDM). The architecture of the SSPD is implemented as a set of separate PDMs while the PM
module itself is universal for many PH types. Figure 4 visually presents the stages of PCS evolution. As a
result of analysis of the observed evolution trends, we can draw a conclusion about the next stage of
development, which logically follows from the previous ones — further unification of modules, up to the
transition to a single-module architecture where all the functions, including MPC, are implemented within a
single module (SMSEC architecture).
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The single module for data receiving and processing is unified and is physically located near the
final data consumer—a set of PHs. Despite its apparent simplicity, such a solution has not been used in
practice for a long time due to economic infeasibility—the components for its implementation were too
expensive, and the firmware was very complex too [12]-[14].
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Figure 4. The WFDIP CS evolution

The so-called heterogeneous integral circuits have appeared quity recently, which combining one or
more processor cores and FPGA logic resources in a single package. Examples are Intel Cyclone V [15],
AMD Zyng-7000 [16], and AMD Zyngq Ultrascale+ [17]. They made it possible, on the one hand, to simplify
the design of the PCB, and on the other, to increase the flexibility of system configuration, since it became
possible to make a significant number of connections inside the chip itself, and not on the printed circuit board.

Despite these advantages, the complexity of PCBs, combined with the high cost of heterogeneous
chips, in many cases still did not make their use economically justified. This situation was typical in the most
designs, which became obvious to chip manufacturers. Therefore, there has been a tendency towards the
production of so-called system-on-module (SoM), which are PCBs with a heterogeneous chip itself, RAM,
flash memory, and power supervisor. The ability to connect to the pins of the main chip is provided via
multi-pin connectors.

An example of SoM is AMD Kria (Figure 5) [18]-[20], the key characteristics of which are given in
Table 1. The combination of low cost and high performance and capabilities made it expedient to use Kria
SoM when creating WFDIP and other industrial equipment with a similar architecture.

Figure 5. The AMD Kria SoM
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Using the AMD Kria SoM, it becomes possible, as mentioned above, to abandon the intermodular
transmission channel and the corresponding auxiliary software and hardware components. Moreover, the
MPC itself is no longer a necessary part of the PCS, since Kria's hardware resources are sufficient to run a

web-server on embedded Linux, which will allow access to WFDIP functions through a web interface or
built-in touch screen.

Table 1. The key characteristics of the Kria SoM

Parameter Value
MPSoC IC XCK26-SFVC784-2LV
Core type/clock frequency 4xARM Cortex-A53/1500
MHz ' ZXARM Cortex-R5F/600
1xMali-400 MP2/667
RAM, GBytes 4
512 MBytes (Flash QSPI)
ROM, MBytes 16 GBytes (Flash, eMMC)
64 Kbytes (EEPROM, parallel)
| Gigabit Ethernet, DisplayPort, CAN, USB 3.0 Host/Device, PCI Express, SATA, UART, SPI, SD,
nterfaces and 12C
Connectors/pins 2/240
Size, mm 77%x60x10.9
Weight, g 58

The roadmap of the function correspondence between an old multi-module PCS and new
single-module is shown in Figure 6. Functions previously assigned to individual components within modules

are now performed by a single heterogeneous integral circuit, being distributed between the cores of the
processor system and the logical resources of the FPGA.
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Figure 6. The simplified diagram of conversion from old-style multi-module PCS to the new single-module
one (based on Kria SoM)
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Thus, the MPC functions are implemented by multiprocessor system-on-chip (MPSoC) cores #0 and
#1 — Linux and the user interface application are running on these cores. The main module supervisor is now
implemented on core #2, and the MCM supervisor is implemented on MPSoC core #3.

The proposed distribution of functions between the MPSoC components is shown in Figure 7. It is
important to note that the functions previously performed by FPGA chips on the main module, motion
modules, and PH are also now performed on the FPGA logic resources within the MPSoC.

Another important component of the PCS is the PH control modules Figure 6. In previous PCS PHs
were connected directly to the PH control module, which had the appropriate number of connectors (usually
8 or 12). Such a simple, at first glance, solution is not optimal, since a complicated PM is being designed
compatible with a single PH model only.
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Figure 7. Tasks distribution between MPSoC components

PHs are produced by a number of manufacturers, for example [1]-[3], [21]-[25], who continuously
improve their products. Each new PH model is typically incompatible with the previous one from a software
and hardware point of view.

This leads to the need to develop a new PM (and in some cases, the main module too) each time,
which is an expensive and time-long process that significantly slows down the overall commercial launch
period for a WFDIP with a new type of PHs.

The use of a universal PH control module makes it possible to leave unchanged the most complex
part of it that provides data exchange with the MM, and to implement technical solutions specific to a
particular PH model on separate PDM. In this case, when a new type of PH appears, it is only necessary to
develop a driver module. This approach significantly reduces total costs and time requirements. A driver
module PCB is relatively simple (typically four layers and size about 100x150 mm) and requires less time to
develop and test.

The PDMs are shown in Figure 8. There are two modules currently assembled and installed in the
test setup. The module is based on XC7S15-1FTG196 FPGA of AMD Spartan-7 family [26]. This concept
fits very well with the transition to a single-board PCS — the connectors for PDMs are located on the carrier
board. This solution provides the necessary flexibility and a long-life cycle, which increases the economic
effect of the transition to the new type of PCS. In this case, the number of PH connection sockets should be
determined by the most typical WFDIP configuration. As already mentioned, the typical number of PHs is 8,
since most WFDIPs use the black — cyan — magenta — yellow — light cyan — light magenta — white — varnish
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(CMYKLcLmMWV) color scheme. Cheaper printer models can use fewer colors, in which case unused sockets
simply remain unoccupied. At the same time, it is advisable to provide for the possibility of expanding the
functionality of the PCS. For this purpose, high-bandwidth transceivers included in modern MPSoC and
FPGA [15]-[17], [25], as well as in the Kria module, should be used.

In addition to the 8 PH control channels available for direct connection on the designed carrier
board, there is an additional expansion channel with a total throughput of 25 Gbps, which allows for almost
any future needs. The channel includes separate differential lines for transmission, receiving and clock
signals.

The physical transmission medium is a coaxial cable. The use of a fiber optic cable is not required in
this case, since the PCS is installed directly in the printer's movable carriage and, due to the short distances,
the coaxial cable is quite capable of performing its task.

Figure 8. The test setup for PCS based on Kria SoM

3. RESULTS AND DISCUSSION

Thus, a transition has been made from a multi-module version of PCS to a single-module one,
auxiliary high-speed communication channels have been eliminated, and the cost of development and
production of the control system has been reduced. The transfer speed is about several Gigabits per second
for typical multi-module PCS (Figure 2), while the novel PCS uses the shared dynamic random-access
memory (DRAM) area for data transfer between MPSoC and FPGA parts of the SoM. So, the transfer speed
is only limited by Kria DRAM subsystem theoretical bandwidth which is up to 150 Gbit/s. It covers any
current and future needs. At the same time, the technological capability of the final products (printers) was
increased, since the number of modules and connections between them has been reduced (cable length
reduced for about 90% or at least 20 m in absolute values). The reliability of the control system and entire
inkjet device has been also increased. The comparison of key parameters for SSM and SMSEC arcitectures is
presented in Table 2.

Table 2. The key parameters comparison for SSM and SMSEC arcitectures
PCS arcitecture

Parameter SSM (with MPC) SMSEC The ratio (if applicable)
Application CPU cores
- Family X86/x64 Cortex-A53
- Quantity 4 or more 4 -
- Clock frequency, GHz 3 or more 15 2 or more
- Data width, bits 64 64 1
- Performance per 1 core, MIPS 2096 3450 0.61
Real-time CPU cores - 2xCortex-R5 @600 MHz
DRAM, size (type) 8 GB or more (DDR4 or DDR5) 4 GB (DDR4) 2
Power consumption, W 600 25 24
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The technical implementation details for competitive PCS solutions from other developers are
typically covered by NDA, but some key features can be obtained [27]-[30]. The alternative solution for
comparable data throughput is based on 10G Ethernet usage (one or more channels in parallel). It requires
high-end MPC (most likely with hardware acceleration modules) and the complicated PCS which is able to
unite the data from a number of 10G channels, process them and deliver to PH array. The total cost and
complexity of such a PCS make it reasonable for a small field of usage, may be, in the textlle industry.
Anyway, this approach still also requires intermodular transfer channel with the appropriate throughtput.

The developed system is, in fact, a specialized single-board computer for controlling multi-axis
positioning and — at the same time — ensuring continuous high-speed data transfer based on built-in hardware
accelerations features (due to FPGA resources with a heterogeneous chip).

Flexibility and expandability of PCS is ensured by support of such interfaces as PCI-Express and
SATA. Peripheral devices can be connected via Gigabit Ethernet, USB 3.0, 12C, CAN, and RS-232. Monitors
with a resolution of up to 4K are supported as video output devices, and can be connected using displayport
and HDMI connectors.

User interaction can be performed either using the regular monitor, keyboard, mouse or touch-
screen or via the built-in web server. The latter option makes it possible to include WFDIP in an enterprise
local network to provide access via web interface. As a result, s significant economic advantage over
traditional systems is achieved by eliminating the need to use a dedicated MPC, expensive and power-
consuming.

The scope of application of such a solution is not limited to wide-format printing equipment. It is
expected that the system will also be in demand when implementing industrial CNC controllers, as well as
for solving other high-precision control tasks in the industrial applications.

Currently, a printed circuit board of the main module has been developed and manufactured, and a
prototype has been assembled. The control modules have also been manufactured. Testing and complex
debugging are currently underway.

4. CONCLUSION

The proposed single-module solution allows to solve the fundamental problems of multi-module
PCS development and production, which are high-speed channels complexity, bandwidth limitation and
technological disadvantages. The novel PCS provides virtually unlimited transfer speed for practical needs
(up to 100 times faster than earlier systems) and completely eliminates the need of the intermodule high-
speed channel. The overall cable length can be reduced for up to 90% depending on the printer type while the
total module quantity can be reduced to for up to 40%. The novel PCS prototype is implemented and being
tested and evaluated now.
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