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Abstract— This paper presents the design of an MDIO
controller implemented on Microchip Polarfire SoC platform. The
proposed controller is integrated in “PolarFire SoC Icicle Kit Libero
reference design”, that is an open source project that contains
RISC-V processor with different types of peripherals. The proposed
peripheral is APB slave to the processor and uses MDIO 45 clause
interface to communicate with CFP2 optical transceiver. Operating
system that is used is Linux Ubuntu and there is a driver for this
peripheral written in Iritel. There is Microchip’s core component
from the catalog (MDIO_APB), that is register based pripheral
module, but the idea was to implement the peripheral that addresses
address space directly, because of the natural integration into
memory map, easier debug and elegant software.

Keywords—FPGA, APB, MDIO, RISC-V, Optical transceiver

I. INTRODUCTION

The proposed system is a part of work related to the telecom
munication transponder panel used as a network device. The pu
rpose of the bridge implemented on the FPGA is to drive and m
onitor the work of the optical transceiver that manages and aggr
egates the optical signal from different clients in the network.

This project is realized on the Microchip Polarfire SoC (MP
FS250T-FCVG484E) and communicates with DP04CFP2-Mxx
DP02CFP2-Mxx Digital Coherent CFP2 Module. The concrete
transceiver is used for the testing, but the purpose of this imple
mentation is to be compatible with any CFP2 Optical transceive
1. The processor is consisted of five RISC-V cores and runs on
Linux Ubuntu operating system.

Peripheral module that is implemented and discussed is AP
B to MDIO bridge with the direct memory addressing. Compar
ed to Microchip’s peripheral, it has the same purpose, but the di
fferent implementation. The main purpose of implementing ne
w peripheral module lays in its predictability and because of tha
t, it is very good for debug purposes. Beside that, it is very easy
to integrate into memory map, makes the software for the driver
very elegant and clean.

1I. APB AND MDIO PROTOCOL

All the information related to APB protocol can be found in
the APB protocol specification document.
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Management Data Input/Output (MDIO), or Media Indepen
dent Interface Management (MIIM) is a serial bus protocol defi
ned for the IEEE 802.3 standard Ethernet series of Media Indep
endent Interface (MII). MII connects media access control (MA
C) devices to Ethernet physical layer (PHY) circuits. The SMI/
MDIO protocol is a simple two-wire serial interface that connec
ts the management unit to the managed PHY to control the PH
Y and capture the status of the PHY. The main purpose of using
MDIO interface is to configure the PHY layer transceiver para
meters, for example, PHY devices can perform pre-emphasis or
de-emphasis in the Physical Coding Sublayer (PCS), programm
ing the control status registers in the PHY layer.

MDIO is a bidirectional shared bus structure that can provid
¢ a connection from the MAC (master) up to 32 PHY (slave) de
vices. All data is synchronously transmitted through the Manag
ement Data Clock (MDC), which is provided by the MAC and
sent to all receiving devices. The data line is a tri-state shared b
us that is MAC controlled for a write transaction or PHY contro
lled during a read transaction. The host processor, which is resp
onsible for system configuration and monitoring, usually uses t
he MDIO host to perform individual access to various devices.

MDIO was originally defined in Clause 22 of IEEE RFC80
2.3. In the original specification, a single MDIO interface is abl
e to access up to 32 registers in 32 different PHY devices. Thes
e registers provide status and control information such as: link s
tatus, speed ability and selection, power down for low power co
nsumption, duplex mode (full or half), auto-negotiation, fault si
gnaling, and loopback.

To meet the needs of the expansion of 10-Gigabit Ethernet d
evices, Clause 45 of the 802.3ae specification provided the follo
wing additions to MDIO: ability to access 65,536 registers in 3
2 different devices on 32 different ports, additional OP-code an
d ST-code for Indirect Address register access for 10 Gigabit Et
hernet, end-to-end fault signaling, multiple loopback points, an
d low voltage electrical specification.

The MDIO data format for clause 45 is defined in the IEEE
802.3 Ethernet standard, as shown in the Figure 1.
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Fig. 1. MDIO data format

Additional details on the MDIO protocol functioning can be
found in the MDIO protocol specification document.

III. MICROCHIP MDIO CORE

There is a core “CoreMDIO_APB” provided by Microchip,
that can use clause 22 and clause 45, depending on the configur
ation. The module has several registers where different register
values determine and initiate the transation. The register list, clo
cks, resets, input and output signals can be found in the docume
nt “CoreMDIO_APB User Guide”.

The proposed flow for data read and data write is presented
in the text below.

Clause 45 — Program 1 to CONTROLREG register bit[2] t
o select Clause 45.

MDIO Write: To perform MDIO write operation, follow the
programming sequence: 1. Program to DEVTYPEREG register
with MDIO device address. 2. Program to ADDRESSREG regi
ster with MDIO register address. 3. Program to PHYADDRRE
G register with MDIO PHY ID address. 4. Program to DATAI
NREG register with MDIO write data. 5. Program 1 to bit[1] to
initiate MDIO write operation. Ensure that bit[2] of CONTROL
REG is not changed. 6. Wait until BUSY of STATUSREG regi
ster is set to 0.

MDIO Read: To perform MDIO read operation, follow the
programming sequence: 1. Program DEVTYPEREG register wi
th MDIO device address. 2. Program ADDRESSREG register
with MDIO register address. 3. Program PHYADDRREG regis
ter with MDIO PHY ID address. 4. Program 1 to bit[0] to initiat
e MDIO read operation. Ensure that bit[2] of CONTROLREG i
s not changed. 5. Wait until BUSY of STATUSREG register is
set to 0. 6. Read DATAOUTREG register for MDIO read data.

Polarfire SoC Icicle Kit reference design is an open source p
roject that contains “MSS” (RISC-V processor) with the APB i
nterface that feeds the “FIC_3 PERIPHERALS” module that ¢
ontains the address decoder and the number of periperals that ar
e included by the default project settings. Microchip MDIO con
trollers are added and integrated in the FIC_3 PERIPHERALS
module and its wires are connected to 1O pins.

The samples from the oscilloscope are presented in the Figu
re 2 and Figure 3. In Figure 2, data is driven by the controller . I
n Figure 3, data is driven by the optical transceiver. Signals that
are presented are MDC and MDIO.
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Fig. 3. Oscilloscope sample, read data driven by the optical transceiver

In Figure 2 and Figure 3, data is driven on different edges
(MDIO controller drives the signal on the negative edge and opt
ical transceiver drives it on the positive edge) in order for the sy
stem to meet the setup and hold time requirements. In the clock
prescaler register the written value is 0x0007, which means that
the MDC is derived from the APB clock in a way that it is devi
ded by 28. Since APB clock frequency is S0MHz, MDC freque
ncy is 1.7857MHz frequency.

We wanted to make the component that will translate the
memory space directly, so that for one MDIO transaction there
is one APB transaction. The custom solution for the APB to
MDIO bridge will be presented in Chapter IV.

IV. CustoM MDIO CONTROLLER
MDIO controller is added in the FIC 3 PERIPHERALS m

odule and its wires are connected to 10 pins.

The idea of the controller is to converrt APB transactions to
the MDIO transactions that target a dedicated address space.

The design implementation of the controller is divided in se
veral key modules that are presented in the Figure 4 and explain
ed in the following text.
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Fig. 4. Block scheme

The APB clock has 50 MHz frequency and MDC (mdio clo
ck) for the concrete transceiver is specified to be in the frequenc
y range of 100kHz and 4Mhz for the concrete optical transceive
r. In this concrete implementation MDC frequency is IMHz. Th
e MDC is derived from APB clock in the module called clock d
ivider. Clock divider is able to divide APB clock with any integ
er number, so in this sense it is more flexible than the Microchi
p component. All the data that come from APB interface (write
data and address data) are synchronized to MDC clock in synch



ronization block before entering the FSM for the processing. Al
so, the case is the same with the data coming from MDIO side
(read data). Read data is synchronized to APB clock after synch
ronization block in order for the data to be sent properly. There
is one finite state machine that receives both read and write data
and processes them. It processes data in a way that parallel writ
e data becomes serialized and read serial data becomes paralleli
zed. One additional function of this finite state machine is to dri
ve the signal that enables MDC output clock. MDC is disabled
when there is no transactions at the MDIO line, in a comparison
to Microchip component where clock is always running when
APB reset is not active. The key is to have parallel data on APB
side and serial data on MDIO side, since it seems as a natural w
ay of handling the data on both sides. There is also a module cal
led data adjustment that handles the received data on the write s
erial interface side and passes them on MDIO interface, but it al
so works the other way around for read transactions, it receives
read MDIO data and passes the data on the read serial data inter
face.

On the FPGA side, data for the transmission is driven on ne
gative edge of MDC and received data is sampled on negative e
dge of MDC. On the other hand on the transceiver side, receive
d data is sampled on the positive edge of MDC and data to be s
ent is driven on positive edge of MDC.

On the transceiver side, active registers are located from
adderss 0x8000 to Oxbfff. Address is calculated by the formula
MDIO address = APB address[15: 0]/4 + 0x8000. The first
slave is located in address range of (0x45000000
0x45000000) and the second slave is located on (0x45010000 —
0x45010000). Two lower bytes are passed on MDIO side, and
upper two bytes are used for APB address decoder to select the
proper peripheral.

On Figure 5, we can see one portion of the data stage of
write transaction. Data is driven by the FPGA on the negative
edge of MDC.

200ns

400ns 600ns BOOns 1us 1.2us 1.4us 1.6us 1.8us

Fig. 5. One portion of the data stage of write transaction exported from the
oscilloscope

On figure 6, we can see one portion of the data stage of read
transaction. Data is driven by the transceiver on the positive
edge of MDC.
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Fig. 6. One portion of the data stage of read transaction exported from the
oscilloscope

V. SOFTWARE-BASED VERIFICATION OF THE FPGA MDIO
CONTROLLER CUSTOM SOLUTION

In order to validate the functional correctness of the FPGA 1
P core implementing the custom version of MDIO controller, a
dedicated Linux kernel module was developed . The purpose of
software layer is to provide controlled access from the host proc
essor to the memory-mapped register space of the MDIO contro
ller and to enable interaction with a peripheral MDIO-compilan
t device, specifically a CFP2 (C Factor Pluggable 2) optical tran
sceiver. The MDIO controller IP core is exposed as memory ma
pped peripheral. The base address and resource size are define
d in the device tree, allowing the Linux platform driver to bind t
o the hardware instance via the compatible string “iritel,mdio40
0G”. During the probe phase, the driver performs resource acqu
isition, memory mapping using devm_ioremap_resource(), and
initialization of character device interface[6]. The kernel
module follows the standard Linux platform driver model,
where all per-device state is encapsulated within a single
private data structure that holds the memory-mapped register
base address, resource boundaries, and character device
descriptors. The driver binds to the hardware instance through
the device tree compatible string, enabling the platform bus to
invoke the probe function upon hardware enumeration. During
the probe phase, memory resources are acquired and remapped
into the kernel virtual address space. Subsequently, a character
device number is dynamically allocated and the device node is
registered, exposing the hardware to user space through the
/dev/mdio400g interface. The supported interaction points are
defined through file operations structure. All register access is
mediated exclusively through the ioctl interface, ensuring that
hardware interactions remain controlled and bounded within the
validated register space. Since CFP2 represents a register-orient
ed hardware peripheral rather than block storage device, stream
ing endpoint or network interface, the character device abstracti
on is selected as the most appropriate Linux driver model. The
MDIO controller exposes a finite and deterministic registrar spa
ce, requiring explicit read and write operations without addition
al buffering, caching, or protocol layers. Therefore, the characte
r device model offers minimal and well-aligned abstraction laye
1, avoiding unnecessary integration into unrelated kernel subsys
tems such as the block or networking stacks. Communication b
etween user space and kernel space is realized through the ioctl
mechanism. Four control operations are implemented:

1. Single register read
2. Single register write

3. Bulk register read



4. Bulk register write

Each IOCTL request perform verification of the command t
ype and validation of the request address range. The driver ens
ures that all register access remain within the mapped resource
boundaries. Upon successful validation, the register offset is cal
culated relative to the base address, and the access is performed
using ioread16() or iowrite16(). This approach guarantees safe
and deterministic interaction with the hardware register space.

To perform systematic verification of the MDIO contr
oller functionality, a dedicated user-space test application was
developed. The application supports multiple testing modes to e
valuate both correctness and stability of the communication pat
h. As shown in Figure 7, upon execution the application initiali
zes the MDIO device /dev/mdio400g0 and confirms successful
device opening before presenting an interactive test selection m
enu. The console output clearly indicates successful driver acce
ss (“Device opened successfully”’) and provides three available
test modes: manual register access, automatic checksum monito
ring, and random stability testing.

The first mode enables manual register access, allowin
g direct read and write operations. After every write operation, t
he register value is read back to confirm data integrity and verif
y correct data propagation through the driver and MMIO interfa
ce. As illustrated in Figure 8, the application prompts the user t
o enter the start address, select the operation type (read or writ
e), and specify the number of consecutive registers. In the case
of a write operation, the entered value is written to the specified
register and immediately verified. In spite of the fact that MDI
O clause 45 interface is 16 bit register compatible (In every writ
e and read transaction 16 bits of data are passed), in the propose
d write transaction only 8 bits of data are written and read beca
use of the nature of the register, where bits from 7 to 0 are viabl
e for read and write and bits from 15 to 8 are reserved. This mo
de is primarily intended for low-level functional validation and
targeted debugging of individual registers.

The second mode implements automated bulk testing.
In this configuration, an entire register page is periodically read,
and a checksum is computed over the acquired values. The com
pute checksum is compared with a reference checksum stored
within a designated register As shown in Figure 9 each verifica
tion cycle produces a time-stamped “Checksum valid” message
when no mismatch is detected.. Any mismatch is logged togeth
er with a time stamp, enabling long-term monitoring ad detectio
n of potential communication anomalies. This mode is suitable
for continuous integrity supervision.

The third mode performs randomized access testing.
A snapshot of the register space is first acquired, establishing a
reference image of the current register state. Subsequently, rand
om bulk or single-register read operations are executed. The ret
rieved values are continuously compared against the reference s
napshot to detect inconsistencies. As presented in Figure 10, the
console displays successive “Random bulk read valid” message
s, followed by a statistical summary indicating the total number
of random reads, mismatch count, and calculated stability perce
ntage. In the shown example on Figure 11, zero mismatches an
d 100% stability confirm consistent communication behavior. T
his testing strategy is particularly effective in detecting sporadic
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communication errors, address decoding inconsistencies, or tim
ing-related instabilities within FPGA logic.

The overall architecture establishes a layered validation fra
mework consisting of :

1. User-space logic

2. Kernel-space access mediation

3. Memory-mapped FPGA MDIO controller
4. External CFP2 MDIO slave device

This separation provides several advantages during
hardware validation and system integration. First, it enables
precise fault localization by distinguishing between software-
layer and hardware level issues. Second, is supports
reproducible and automated test scenarios. Third, because the
driver platforms direct memory-mapped register access without
additional buffering, the observed behaviour closely reflects the
actual timing and response characteristics of the FPGA
implementation. The experiments confirm that the driver
provides correct and stable communication with the FPGA
MDIO controller. The implemented tests verify proper register
operation and overall communication reliability over extended
runtime. The following tables depict the software test for the
MDIO custom solution component.

. User test application startup

Fig. 8. Manual register access mode
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Fig. 11. Random stability test mode statistic

The following tables depict the software test for the MDIO
core provided by Microchip. Examples that are presented are
one read and write transaction. If the Figure 16, the first write
transaction to the register address with 0x45000018 configures
the MDC clock frequency and the second transaction to the
register address with 0x45000008 selects the clause 45.

Fig. 12. Initial configuration

In the Figure 13, first write transaction determines the dev_a
ddr, second one detrimies the address, third one determines the
phy_addr and the fourth one initiates the read transaction for th
e clause 45 for the address, dev_addr and phy-addr that are conf
igured in the previous steps. Last step is to read the data that is r
ead from the optical transceiver and stored in the register on the
address 0x45000014.

Fig. 13. Read flow

In the Figure 14, first write transaction determines the dev_a
ddr, second one determines the address, third one determines th
e phy_addr, fourth one determines the data to be written and the
fifth one initiates the write transaction for the clause 45 for the
address, dev_addr, phy_addr and the write data that are configu
red in the previous steps. Last step is to read the data from the s
ame register of the optical transceiver. The reason that only low
er byte of data is written to the register of the optical transceiver
and consecutively read back in the last step is that the register h
as reserved upper byte.
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Fig. 14. Write flo -

VI. CONCLUSION

Both controllers are successfully implemented, integrated a
nd tested. Driver is successfully implemented and explained.

Resource usage of the Icicle project with the custom control
ler is presented in the Figure 15.

Resource usage of the Icicle project with the Microchip core
component is presented in the Figure 16.

| Type | Used Total | Percentage |
| 4LUT | 17104 | 254196 | 6.73 |
| DEF | 14255 | 254196 | 5.61 |
| Logic Element | 20844 | 254196 | 8.20 |
| I/0= u=ing I/0 Registersz | O | 144 | 0.00 |
| I/C Register Flip-Flops | 0 | 432 | 0.00 |
| -- Input I/0 Flip-Flops | O | 144 | 0.00 |
| -- Output I/0 Flip-Flops | O | 144 | 0.00 |
| -- Enable I/0 Flip-Flops | O | 144 | 0.00 |

Fig. 15. Resource usage of the project where the custom controller is
instantiated and integrated

| Type | Used Total | Percentage |
| 4LUT | 17043 | 2541%6 | &.70 |
| DFF | 14113 | 254186 | 5.55 |
| Logic Element | 20658 | 2Z541%6 | §.13 |
| I/0s using I/C Registers | © | 144 | 0.00 1
| I/0 Register Flip-Flops | 0 | 432 | 0.00 |
| —— Input I/O Flip-Flops | 0O | 144 | 0.00 |
| —- Cutput I/0 Flip-Flops | © | 144 | 0.00 ]
| —— Enable I/O Flip-Flops | O | 144 | 0.00 |

Fig. 16. Resource usage of the project where the Microchip controller is
instantiated and integrated

From the presented figures, we can see that the custom versi
on of the component takes a bit more resources, than the versio
n that the Microchip provides, but it does not create a problem.

For the purpose of debug, the custom controller is much mo
re suitable, because of the fact that the address space is directly
addressed and the software is much more elegant and simple. O
n the other hand the cost is that it is harder to verify and the scal
ability is poor, since the APB bus gets stalled for longer time. T
his is the issue because other peripherals are blocked and in so
me systems there is a built in time out that can expire. The time
out is not the issue in our case, since the processor does not hav
e built in timeout logic and the bus can be stalled as long as nee
ded, so this approach cannot cause the termination.

The hardware side is realized in “Libero” software using Po
larFire SoC, where the MDIO controller is integrated in Icicle o
pen source project. On the software side, dedicated Linux kerne
1 module was developed for the purpose of communication bet
ween operating system user space and dedicated CFP2 optical t
ransceiver.
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