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Abstract

Software-defined radios are central to wireless systems, but
host-centric streaming becomes unreliable at high band-
widths, with many antennas, and when time-granular con-
trol is required. The root difficulty is a timing-domain mis-
match between the FPGA/RF front-end’s deterministic, clock-
driven timeline and the host’s asynchronous, OS-scheduled
execution. The traditional stacks resolve this by forcing the
host to keep pace with the radio. At wideband rates, this
transfer results in underflows, overflows, and late packets.
We present RadioStream, a radio-centric, slot-synchronous
SDR architecture in which the host and radio coordinate
using slots (a pre-defined unit of time) rather than individual
sample transfers. The FPGA owns slot timing, time-critical
radio actions, and exports slot boundaries as slot-tick Eth-
ernet packets, while the host runs asynchronously behind
slot-aligned buffers over a lightweight fronthaul with a look-
ahead transfer for control and data path. The DPDK-based
host path integrates directly with applications like GNU Ra-
dio, Python, and MATLAB on the other end. On a 100 Gbps
interface, RadioStream sustains 90 Gbps concurrently on up-
link and downlink with no packet drops, streams 2 GHz of ag-
gregated RF bandwidth, bounds slot-tick jitter below 600 ns
at the 99th percentile, and applies per-slot control, reaching
the RF output in under 500 ns. We demonstrate these capabil-
ities using communication, mmWave beam-sweeping, and
sub-6 GHz multi-antenna sensing experiments.
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1 Introduction
Software-defined radios (SDRs) are no longer confined to re-
search labs; they now underpin many deployed wireless sys-
tems. Emerging applications, however, place new demands
on these platforms. Bandwidth-intensive applications such
as Augmented and Virtual Reality (AR/VR), together with
massive device connectivity, are driving 6G designs that ex-
ploit wide bandwidths in the upper mid-band and deploy
massive antenna arrays with hundreds to thousands of el-
ements [7, 29, 30, 45, 52]. Applications in Integrated sens-
ing and communication (ISAC) further require tight time,
frequency, and phase synchronization across antennas to
support coherent multi-antenna sensing alongside communi-
cation on shared hardware [41, 55]. In addition, the growing
adoption of open and programmable radio architectures,
such as Open RAN (O-RAN), increases the need for flexible
and fine-grained control over radio front-ends [39]. Appli-
cations such as beam sweeping, coordinated multi-antenna
transmission, and adaptive jamming and anti-jamming oper-
ations [32] require this control at slot-level granularity.
The applications above place new demands on the SDR
architecture. An SDR consists of a radio front-end, gener-
ally an FPGA coupled to RF data converters, that transmits
and receives the over-the-air waveform and connects via a
fronthaul link to a host, which is a general-purpose com-
puter that runs the signal processing in software. These
applications stress this link in four ways, as summarized
in Fig. 1. Because these applications combine wide band-
width with large antenna arrays, the raw IQ that must cross
the fronthaul grows with both dimensions, reaching tens
of gigabits per second. The link must therefore sustain con-
tinuous wideband streaming (R1) across all channels, so
that processing can remain in flexible host software rather
than being hardcoded on the FPGA. Applications like precise
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Figure 1: Figure showing requirements: (1) wideband stream-
ing, (2) RF synchronization, (3) fine-grained slot-level control,
and (4) ease of programmability. Traditional solutions only
support 1-2 features, whereas RadioStream meets all four
requirements.

localization and the joint sensing-and-communication fur-
ther require RF synchronization (R2): coherent alignment
across channels in time, frequency, and phase, anchored
to a single clock that originates at the radio and is shared
with the host. That same shared clock must also support
fine-grained, slot-level control (R3) of data direction, fre-
quency, phase, and active antennas, timed precisely enough
for coordinated multi-antenna transmission, beam sweeping,
and jamming/anti-jamming operations to take effect at exact
moments over the air. Finally, the platform must offer ease of
access (R4) so that existing signal-processing frameworks,
such as GNU Radio, can be reused with minimal effort.
Nearly all of these requirements converge on a single point:
the connection between the radio and the host. This one link
has to sustain wideband IQ streaming, keep both sides on
the same clock, carry control commands, and deliver sam-
ples to external applications on time, all simultaneously and
with minimal added overhead. The difficulty is compounded
because the two ends of the link run on fundamentally dif-
ferent timing models. The FPGA and RF front-end operate
on a deterministic, clock-driven timeline locked to the RF
sampling clock, where every operation occurs at a known
instant. The host, by contrast, runs in a non-deterministic,
software-driven environment shaped by operating-system
scheduling, interrupts, and queueing delay, so the instant at
which it issues a command, consumes a sample, or hands
that sample to an application is inherently variable.
Existing platforms place most of this burden on the host,
which is why we call them host-centric: every reference to
the radio, from reading its clock to timing a command, origi-
nates at the host, making the system as sensitive and fragile
as the non-deterministic environment in which the host runs.

Radiostream

Commercial host-centric SDRs such as NI USRPs and Ana-
log Devices Pluto [49] handle these tasks in host software
through stacks such as UHD and GNU Radio [11]. NI USRPs,
for example, regulate the sample stream with a credit-based
flow-control scheme, where the FPGA grants the host a fixed
number of credits for its small hardware buffer, and these
credits are replenished by a continuous stream of credit-
return messages. As Fig. 1 illustrates, this ties the pipeline’s
pace to how quickly the host responds to those credits, so
even an ordinary context switch, caused by OS scheduling,
interrupts, or queuing delay, can leave the buffer running dry.
This coordination traffic competes with the IQ stream itself,
causing underflows and overflows that cap usable bandwidth
at high rates. Commands timed for specific slots can also
arrive late, forcing the radio to drop them or apply them out
of sync, breaking system determinism.

To address these challenges, we propose RadioStream,
a wideband multi-antenna SDR platform built on RESoC in
which the radio, not the raw sample stream, becomes the unit
of coordination across the host-radio boundary. A slot is a
pre-defined unit of time. The FPGA creates and exports time
to the host at periodic slot intervals. The host then config-
ures future slots against that timeline, and the FPGA applies
all radio-visible updates only at slot boundaries. Control
and data are both identified by the slot number. Slot-aligned
buffering also absorbs transport delay and host jitter, making
the system more robust. This contract lets the host remain
fully asynchronous while preserving deterministic radio be-
havior, unifying host-radio timing, wideband streaming, and
fine-grained control under a single abstraction. RadioStream
builds this contract on the RFSoC architecture, tightly in-
tegrating the radio front-end with FPGA processing to sus-
tain wideband capture and provide precise synchronization
across antennas.

To realize this contract at wideband rates, we design a
lightweight transport between the host and the RFSoC that
carries both IQ samples and control information as explicit,
slot-addressable ethernet packets. This transport minimizes
control overhead and sustains high-throughput streaming
even at large bandwidths across multiple antennas. Ra-
dioStream also offers precise phase synchronization across
the radio front-end through tight clock synchronization.
To make the platform accessible for rapid experimentation,
RadioStream exposes a lightweight shared-memory inter-
face that allows external applications to interact with the
host controller, abstracting the interface to the radio. These
interfaces integrate with existing signal-processing frame-
works such as GNU Radio seamlessly. They can also be used
directly from environments such as Python or MATLAB,
enabling rapid prototyping for wireless research.

We implement RadioStream on XCZU48DR Xilinx RFSoC
radio platform connected to a Linux host over a 100 Gbps
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Ethernet link. Specifically, we prototype the architecture on
two RFSoC boards. The first is the commercially available
RFSoC4x2 platform, which provides a compact SDR system
with integrated RF data converters and high-speed network-
ing support. The second is a custom-built RFSoC platform
designed for scalability, supporting up to 8T8R operation and
equipped with two 100 Gbps Ethernet interfaces to sustain
higher aggregate throughput. They allow us to evaluate Ra-
dioStream across both readily available hardware and a more
scalable RFSoC deployment. Our evaluation shows that the
system supports a baseband aggregated rate of 2 GHz, main-
tains slot-level timing alignment with 500 ns granularity, and
achieves sustained fronthaul throughput of 90 Gbps using
standard Ethernet packets. We further show that the platform
integrates with external applications and GNU Radio-style
processing while supporting wideband streaming, dynamic
control, and multi front-end experimental workflows.

2 Background on RFSoC

The RF System-on-Chip (RFSoC) platform [6], developed by
AMD, integrates programmable logic, embedded processors,
and high-performance RF data converters within a single
device. The integrated direct-sampling RF data converters
make RFSoC a compelling platform for wideband RF and real-
time streaming applications. As a result, RFSoC devices (i.e.,
ZCU111, ZCU208, RFSoC4x2, RFSoC2x2) have been widely
adopted across diverse domains such as massive MIMO base
stations [1, 23], phased-array radar systems [1, 36, 56], quan-
tum computing [9, 17, 28, 31, 48, 50], satellite communi-
cations [43, 53], emerging terahertz sensing and imaging
systems [54], and high-speed wireline communication [35],
where high-bandwidth MIMO, low latency, and tight inte-
gration are critical.

2.1 Standalone RFSoC Architectures

Many existing RFSoC-based systems rely on relatively static,
standalone architectures. Several prior works generate RF
signals using precomputed waveforms stored in on-chip
memory or rely on the embedded ARM processor to or-
chestrate control and waveform updates at runtime [16, 19-
21, 34, 44]. SPEAR [20, 21] offers Python programmabil-
ity on the ZCU216 up to 1.2 GHz but on a single chan-
nel with buffered (non-sustained) capture. In contrast, MI-
MORPH [34] processes up to 2 GHz aggregated across 4-8
channels in real time but fixes the PHY in the FPGA fabric and
does not integrate with a more capable external host. Because
of the SoC’s limited memory bandwidth and compute, this
approach caps data throughput and introduces additional
latency and timing variability, making deterministic real-
time operation difficult. RFSoC’s tightly controlled timing
has also been exploited outside communications, for qubit
readout and control (QICK [50], QiCells [28], Qibosoq [17]),
radar [36, 56], satellite [43, 53], and THz sensing [54], but
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these are standalone control systems with low-rate (control-
only) host links, confirming the platform’s deterministic-
timing potential without addressing wideband host stream-
ing. Consequently, these implementations operate with fixed
waveforms, coarse control mechanisms, or tightly coupled
architectures, limiting the flexibility required for dynamic
wideband applications such as adaptive beamforming, multi-
user MIMO, and integrated sensing and communication.

2.2 Host-Streaming RFSoC Architectures

To overcome these limitations, recent SDR designs on RFSoC
platforms use high-speed serial interfaces, such as SFP+ and
QSFP links to stream data between the FPGA and an external
host with significantly larger memory and more computa-
tional resources. NI Ettus USRP radios [3, 4], among the
most popular SDRs, and evaluation boards like the ZCU111
are built on the same Zynq UltraScale+ RFSoC. They rely
on the UHD software stack and RFNoC framework [14] to
stream data between the FPGA and the host over UDP/IP.
In these architectures, software manages timing using host-
side references rather than hardware counters synchronized
to the RFDC clock, introducing timing jitter that increases
with host load and reduces determinism in real-time experi-
ments. Additionally, UHD’s multi-threaded transport model
consumes multiple host CPU cores for packetization, flow
control, UDP/IP stack processing, and timing management,
limiting resources available for baseband processing. At the
same time, RFNoC’s AXI-Stream and CHDR interface require-
ments constrain architectural flexibility for custom RAN
pipelines.

Other works introduce custom FPGA streaming stacks
in which the FPGA and radio act as secondary devices to
the host [18, 27, 38, 42, 47]. Helix [42] and [18] demonstrate
streaming platforms on ZCU208 and ZCU111 capable of sup-
porting up to 417 MHz bandwidth, but they are limited to a
single RF channel and do not provide slot-based control. [47]
reaches an 80 Gbps host link on the RFSoC4x2 via UDP but
experiences packet drops and provides neither an efficient
multi-channel data-flow design nor downlink control from
the host. [27], which is the closest to our work, introduces
a radio-centric design enabling high-throughput data trans-
port but does not support burst sampling in the receive path
or provide simple interfaces for user applications. In contrast,
RadioStream introduces a wideband MIMO SDR architecture
with an optimized host-FPGA streaming framework that
provides slot-level granular control, enabling deterministic
real-time operation while sustaining high-throughput multi-
channel RF data streams.

3 System Design
In this Section, we describe the RadioStream architecture
that addresses the fundamental challenges: i) Host and radio
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Table 1: Comparison of RadioStream with representative RFSoC-based SDR platforms.

Platform Architecture RF channels Agg. RF BW Host link / rate Sust. streaming Slot ctrl. App. interface

SPEAR / SPEAR+ [20, 21] Standalone (ARM/PYNQ) 1 1.2GHz 1-10 G (buffered) PYNQ/Python
MIMORPH [34] Radio-centric (fixed PHY) 4-8 2 GHz (on-FPGA) 10 G (ctrl) MATLAB config

QICK [50] Standalone (quantum ctrl.) 8 multi-GHz DAC 1G (ctrl. only) ns-level (no data) PYNQ/Python

USRP X410/X440 [3, 4] Host-centric (UHD/RFNoC) 4-8 up to 1.6 GHz/ch [check] 2x100 GbE Partial (DPDK-UHD) (SW timing) UHD/GNU Radio

Helix [42], [18] Host-centric custom stack 1 417 MHz 100 G-class GNU Radio (limited)

100G offload [47] Host-centric (UDP capture) multi - 100 G (80 Gbps, lossy) (drops) PYNQ/GNU Radio

[27] Radio-centric multi wideband 100G (no Rx burst) Custom (none)
RadioStream Radio-centric, slot-synchronous 8T8R 2GHz 100 GbE, 90 Gbps (0.5ms slots) | GNU Radio/Python/MATLAB

time synchronization, ii) wideband streaming, and iii) Fine-
grained radio control introduced in Section 1.

RadioStream allows a non-deterministic host to drive a
deterministic wideband radio without sacrificing transport
efficiency or fine-grained control. This is a common prob-
lem that arises in modern SDRs, as they sit at the boundary
between two incompatible execution domains. On the radio
side, deterministic clocks drive the design of data-processing
and control modules, while on the host side, operating sys-
tem schedulers and interrupts drive software processing. So,
the initial synchronization established at the start of the ses-
sion, or less-frequent synchronization between the host and
SDR, doesn’t hold over the interval, and delays in the control
commands reaching the RFSoC lead to packet drops.

RadioStream resolves this tension with a slot-synchronous
host-radio contract, where the slot, not the raw sample
stream, is the unit of coordination across the boundary. The
FPGA generates and exports slot time; the host programs
future slots on that timeline, and the FPGA applies all radio-
visible updates only at slot boundaries. Control and data are
both tagged with their slot number, and slot-aligned buffer-
ing absorbs transport delay and host jitter. Together, these
mechanisms allow an asynchronous host to operate without
sacrificing deterministic radio behavior.

Fig. 2 describes the complete architecture of the Ra-
dioStream system and the components needed to achieve
the above principles, comprising two tightly coupled com-
ponents: the RFSoC and the Host Server. On the host side,
a custom DPDK-based framework controls high-speed
fronthaul transport with the RFSoC and exposes a shared-
memory interface to external applications such as GNU
Radio and higher-layer radio software. On the device side,
the RFSoC implements deterministic timing, slot-aligned
IQ sample buffering, and runtime radio control while inter-
facing directly with the ADC and DAC channels. Together,
these two components achieve the core design goals intro-
duced in Section 1: the FPGA remains the timing master, the
fronthaul stays simple and efficient, and control is expressed
explicitly at fine timing granularity.

Subsection 3.1 introduces the data flow in the uplink
(Radio-to-Host) and downlink (Host-to-Radio), highlighting
the main modules in the RFSoC and the host. Further subsec-
tions describe the features of the RadioStream architecture
in detail.

3.1 Architecture of System Design
The FPGA serves as the primary timing source. In contrast,

the control (for timing, RF parameters, antenna configura-
tion) is done by the host application at a granular level with-
out sacrificing any functionality. The following four FPGA
modules play a critical role in achieving this:

Slot tick generation: The slot_tick_generator IP gener-
ates a pulse for every finite duration, and we term this du-
ration a slot. This module runs an internal counter on the
positive edge of each cycle of a clock frequency synchro-
nized to the RF sampling clock. This module then generates
a slot tick for every slot duration comprising an SFN (Sys-
tem Frame Number), which iterates from 0-1023, and a Slot
Number, which iterates from 0-19. A slot tick is generated
every 0.5 ms (122880 cycles + 245.76 MHz) with an incre-
menting slot number. Here, 0.5 ms is the slot duration, and
the 245.76 MHz clock used is frequency-synchronized to the
RF sampling clock. The SFN is incremented once every 20
slots. The SFN is a coarse identifier, and the Slot Number is a
fine-grained identifier for each slot. The notion of Slot Num-
ber and SFN is inspired by the 5G NR protocol, where timing
is critical, particularly in 5G TDD systems. The slot is the
minimum duration for which the configuration parameters
must remain constant; the slot duration cannot be changed
at runtime and can only be changed at compile time.

Data Plane - Uplink Chain: The uplink data is received
at the antennas, sampled with ADCs, and decimated by the
Xilinx RF Data Converter IP at 10X, then further decimated
by 1X, 2X, or 4X based on the chosen channel bandwidth. For
a 122.88 MHz channel bandwidth, the RF signal is sampled at
4.9152 Gsps, decimated by 10X in the Xilinx RF Data Converter
IP and further decimated by 4X to produce IQ samples at
122.88 Msps, with each IQ sample represented by a 4-byte
word. This translates to 122.88Msps X 32bits = 3.93 Gbps of
IQ data throughput in the fronthaul link.

The rx_gate IP performs two functions: i) permits the
received samples during the Uplink slot and drops otherwise,
ii) concatenates the received IQ samples from a maximum
of 8 RF streams and lets the slot_buffer store them in the
DDR memory. The stored IQ samples are read in the next
slot. Associated Ethernet headers, slot numbers, and SFN
identifiers are appended, and the samples are packetized
to an MTU of 9000 bytes and sent to the 100G Ethernet
Subsystem by the ethernet_packetizer IP for transmission
over the QSFP28 optical link.
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Figure 2: SDR Architecture with RFSoC, Host Unit(X86 based Server) and 100G link; RFSoC includes slot_tick generator for time
synchronization, Gating modules for over-the-air time alignment, Decimators and Interpolators to vary channel bandwidth,
DDR4 based Slot Buffers, Packetizer to fragment and add headers to slot_tick and Uplink IQ samples, Depacketizer to combine
the ethernet frames and demultiplex control and downlink IQ samples; Host Server consists of Host controller application that
interfaces with i) the RFSoC for high-speed fronthaul transport with a custom DPDK-based framework and ii) the external

application via a shared-memory region.

Data Plane - Downlink Chain: The received frames are
depacketized in the ethernet_depacketizer IP, and the IQ sam-
ples are stored in DDR memory, with SFN and Slot Number
serving as identifiers that map to the memory addresses.

The tx_gate IP performs two functions similar to the
rx_gate IP: i) backpressure the samples and align the trans-
mission to the designated slot, i.e., hold the samples until
the slot identifier matches the slot tick generated by the
slot_tick generator, and ii) deconcatenate the IQ samples
corresponding to each antenna port. The digital samples
are then interpolated in two stages, similar to the decima-
tor, and upsampled by the Xilinx RF Data Converter IP for
transmission.

Control Plane: The control plane delivers slot-level radio
configuration information from the Host to the RFSoC de-
terministically and time-aligned. Control exchange is tightly
coupled with the slot-based timing mechanism described
earlier. The depacketizer module extracts the control-plane
configuration packets from the Host and distributes them
across all IPs in the FPGA to process the IQ samples in the
scheduled slot.

Host: The Host PC consists of two main components to
establish a streaming interface and is described as follows:

Host controller: This application loads the per-slot config-
uration from a predefined array. It sends control packets and
downlink Ethernet frames for downlink slots over the DPDK-
enabled port for low-latency, high-throughput transfer. It
also receives the corresponding frames from the FPGA for
the uplink slots. The host controller manages two interfaces:
i) a DPDK-enabled 100G interface for fronthaul communi-
cation with the RFSoC, and ii) a shared-memory region for

data transmission between the controller and the external
application.

External Application: This is any application that runs on
the same host machine, generates data for downlink trans-
mission, and receives data from the uplink reception. Later
sections of the paper show different applications, such as
GNU Radio, that can interface with the host controller.

Note that both the host controller and the external appli-
cation are assigned to different physical cores of the PC for
efficient implementation. The host controller will require
two CPU cores: one dedicated to downlink data generation
and the other to uplink data reception.

3.2 Custom Fronthaul Interface
The fronthaul interface between the Host and the RFSoC
is implemented as a custom high-speed Ethernet link via
QSFP28 ports. On the FPGA side, the Xilinx CMAC (100G
High Speed Ethernet Subsystem) IP handles packet trans-
mission and reception, along with custom packetizer and
depacketizer logic. On the host side, a custom DPDK appli-
cation bypasses the kernel networking stack. It interfaces
directly with the NIC queues in user space to maximize
throughput and reduce software overhead.
Three types of packets are exchanged over the fronthaul:
o Slot-tick packets, which are fixed 64-byte packets
carrying the current slot number and system frame
number from the FPGA to the Host.
e Data packets, which transport downlink or uplink
IQ samples and are packetized using a large MTU to
reduce transport overhead.
e Control packets, which are fixed-size packets sent
from the Host to the FPGA and carry slot-scoped radio
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configurations such as MIMO state, data direction, and
NCO parameters.

The three packet types serve separate functions. Timing
is exported through slot ticks, IQ traffic is moved efficiently
through large data packets, and control is separated so that
runtime radio updates do not have to be inferred indirectly
from the data stream.

3.3 Timing Management

Because the FPGA acts as the timing authority rather than
the Host, accurate time synchronization underpins the
entire architecture. In our setup, the RFDC clocking fab-
ric derives the timing used for slot generation, and the
slot_tick_generator RTL block maintains the current slot
number and system frame number (SFN). For the current
implementation, we use a slot duration of 0.5 ms, and the
slot tick is generated once per slot as a 64-byte Ethernet
packet sent from the FPGA to the Host.

Each slot tick contains two primary identifiers: (1) System
Frame Number (SFN), a 10-bit field that iterates from 0 to
1023, marking a duration of 10 ms, and (2) Slot Number,
a 5-bit field that iterates from 0 to 19, marking a granular
timing of 0.5 ms. These slot numbers and SFNs are used as
identifiers in control packets to configure the corresponding
data packets. These slot tick packets are the highest-priority
Ethernet packets flowing from the FPGA to the host PC.

On the host side, the DPDK controller decodes each slot
tick and uses it to decide what to do: prepare downlink sam-
ples, consume uplink samples, or issue slot-specific control
metadata. On the FPGA side, the same slot boundary drives
the ADC and DAC gating logic. This design keeps radio
timing deterministic without requiring host execution in
lock-step with the FPGA clock.

3.4 RF synchronization

Timing adjustments for transceiver delays: The ADCs
and DACs introduce fixed delays of Aypc = 340ns and
Apac = 280 ns between their digital interfaces and the an-
tenna, characterized empirically via oscilloscope measure-
ments from the digital trigger to the RF port. To align trans-
mission and reception with the slot tick, we advance the
transmit path by Apac and delay the receive path by Aapc
in the tx_gate and rx_gate RTL modules.

Phase synchronization across transceivers: Coherent
multi-antenna operation requires every RF channel to share
a fixed phase relationship, even across RF-DC tiles, which
otherwise drift due to independent clock and FIFO skew.
RadioStream enables the RFSoC’s multi-tile synchronization
(MTS) feature [5] to align tile clocks and datapath latencies
to a common reference, so channels on different tiles behave
as one clock domain.

Radiostream

3.5 Control Plane and Radio Configuration
The control plane deterministically delivers radio configu-
ration information from the Host to the FPGA. To tolerate
transport delay and timing jitter along the control path, we
transmit a single 64-Byte control packet with a two-slot look-
ahead so that the configuration for slot n arrives at the FPGA
in advance, i.e., at slot n — 2. For our chosen slot duration of
0.5 ms, the maximum control-packet execution delay is two
slots (1 ms). The received control parameters are stored in
a control buffer and applied only when the corresponding
slot boundary is reached, as indicated by the slot-tick signal
provided to the respective IP blocks (i.e., RFDC, rx_gate, and
tx_gate).

Each control packet carries the slot number and System
Frame Number (SFN), together with the slot-scoped radio
parameters. The slot number specifies the target slot derived
from the slot tick received from the FPGA, while the SFN
identifies the corresponding target system frame. The packet
also specifies the antenna configuration, including the num-
ber of active antennas and the data transfer direction: uplink
(FPGA to host), downlink (host to FPGA), or duplex (both).
The packet also includes the NCO frequency, which defines
the numerically controlled oscillator frequency used for dig-
ital upconversion and downconversion, and the NCO phase,
which provides the phase control information needed to
maintain phase continuity across slots.

By sending explicit control packets rather than overload-
ing the data stream with implicit semantics, the platform
enables rapid per-slot updates to data direction, active layers,
and RF parameters while maintaining a simple and deter-
ministic host-FPGA contract.

3.6 Buffer Management for Uplink and

Downlink IQ Samples
Slot-aligned buffering is used on both the Host and the FPGA
to decouple fronthaul transport from real-time RF operation.
All IQ data packets are tagged with the corresponding slot
number, SFN, and transfer direction so that data and control
can be associated unambiguously on both ends of the link,
even when packet arrival times vary.

For the downlink path, IQ samples for slot n are prepared
on the Host in advance and sent with a two-slot look-ahead.
For our chosen slot duration of 0.5 ms, the maximum delay
in the transmission of the data payload is two slots (1 ms).
The FPGA depacketizes the received samples, stores them in
DDR, and releases them to the DAC path only when the slot
identifier matches the current slot tick. For the uplink path,
the FPGA captures and buffers IQ samples during the active
slot, packetizes them at the slot boundary, and forwards them
to the Host as a coherent slot-sized data unit.

This buffered transfer is essential to bridge the determin-
istic RF domain and the non-deterministic host domain. In
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the current implementation, at least four slots of buffering
are needed to accommodate two uplink and two downlink
slots safely. For 8 channels of 122.88 MHz IQ data sampled
at 122.88 Msps with 16-bit I and 16-bit Q samples, this corre-
sponds to approximately 64 Mb of buffering, which motivates
the use of external PL-DDR rather than on-chip BRAM or
URAM. The FIFO_MIG_Controller RTL block implements
buffer management, including fragmented DDR transfers,
address generation, and read/write tracking.

Buffering at least two slots on the uplink and downlink is a
system requirement for pipelined data transfer and to absorb
scheduling jitter on the Host. Buffer sizes can be reduced for
low-latency applications by decreasing slot duration.

3.7 Host Software and External

Applications
The host software stack consists of two components: the
Host controller and the external application. The DPDK
controller handles port initialization, queue setup, MTU
configuration, packet parsing, and slot-aware packetiza-
tion/depacketization. Because the platform supports exter-
nal applications rather than a single fixed PHY, the DPDK
controller exposes shared-memory regions for downlink and
uplink traffic. These regions provide an internal user-space
bridge between application logic and the fronthaul endpoint.

DPDK-enabled host application: The kernel normally
controls data transfer through a NIC, arbitrating across mul-
tiple processes, routing through the network stack, and han-
dling firewall processing. These mechanisms introduce non-
deterministic latency that becomes a bottleneck at the packet
rates required for wideband IQ transport. The host-side
DPDK application bypasses the kernel entirely, giving the
application direct responsibility for queue and buffer man-
agement via polling. The implementation operates as follows.

The port is configured with a single RX and TX queue, with
ring sizes of 4096 descriptors each, backed by an mbuf pool of
16384 entries with a per-core cache of 512 mbufs. The MTU is
set to 9000 bytes for jumbo frame support, and promiscuous
mode is enabled to receive all frames on the point-to-point
link regardless of destination MAC. A pre-built 14-byte Eth-
ernet header template with a custom EtherType (0OxAEFE) is
used to avoid header construction overhead.

The main loop calls rte_eth_rx_burst() in a tight
polling loop with a burst size of 64 packets. Each received
packet is classified by the Payload type field in the packet
header: slot-tick packets (0X0004), uplink IQ data packets
(0X0001), and downlink control packets are handled in sepa-
rate branches within the same burst processing loop. Upon
receiving a slot-tick, the Host decodes the (SFN, slot) tuple
from the payload, determines the scheduled direction for
slot n+2 from a pre-loaded slot schedule array, and imme-
diately constructs and transmits a 64-byte control packet
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carrying the direction mask, MIMO configuration, sample
count, and NCO frequency for the target slot. For downlink
slots, IQ samples are read from the external application from
the downlink shared-memory ring, then fragmented into
8896-byte payload packets using pre-allocated mbufs reused
across slots to avoid allocation overhead. Uplink IQ payloads
are accumulated from successive rte_eth_rx_burst () calls
into a contiguous buffer and published to the external ap-
plication in the uplink shared-memory ring once the slot’s
expected byte count is reached.

Shared-memory handoff: The uplink and downlink re-
gions are each organized as a ring of slot-sized buffers, one
slot deep, mapped into both the host controller and the ex-
ternal application. The producer writes a completed slot into
the ring and then publishes its index, which the consumer
observes before reading that slot. Because the index is pub-
lished only after the payload is written, a consumer that sees
a slot marked ready is guaranteed to see it complete. The
ring depth also serves as the flow-control window, bound-
ing how far the producer may run ahead of the consumer.
The handoff, therefore, involves no system calls and no copy
through a kernel buffer.

External applications: External applications interface
with the DPDK host application through shared memory.
Both processes map the same region, which carries data from
the external application to the DPDK host application for
downlink slots and in the reverse direction for uplink slots.
Because the transfer involves no kernel mediation or system
calls, it preserves a clean separation between application
logic and fronthaul implementation while still supporting
high throughput. This exposed interface can be used to con-
nect GNU Radio, srsRAN, OAI, or custom DSP pipelines.

We implement this interface for GNU Radio by creating
custom out-of-tree (OOT) downlink sink and uplink source
blocks that connect directly to the DPDK controller through
the shared-memory regions described above. These blocks
map the regions directly and link no DPDK libraries, so appli-
cations need no DPDK integration to use the platform. The
downlink sink block consumes IQ samples through the GNU
Radio scheduler, accumulates them into slot-sized frames,
and commits each completed frame to a circular buffer. A
dedicated thread pinned to a user-selected CPU core drains
this buffer and writes each frame into the shared-memory
ring for the DPDK controller, which packetizes and forwards
the data to the FPGA. Conversely, the uplink source block
receives slot-sized frames from the DPDK controller, buffers
them locally, and drains them over successive scheduler calls.
This design allows baseband processing to evolve indepen-
dently of the fronthaul transport logic.
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Other Interfaces

Figure 3: Picture of the actual hardware showing the SOM
module in the center and the RF board containing all periph-
erals; the SOM Module and the RF Board are connected via
FMC+ connectors.

3.8 Configurable Parameters

The system exposes a set of parameters that can be config-
ured either statically at bitstream generation time or dynam-
ically at runtime on a per-slot basis. Static parameters are
baked into the FPGA fabric and define the radio’s fundamen-
tal operating constraints, such as slot duration. Dynamic
parameters are delivered to the FPGA via the per-slot con-
trol packet from the Host, allowing the baseband software
to reconfigure the radio slot by slot without interrupting the
streaming pipeline.

Together, these mechanisms directly address three chal-
lenges introduced in Section 1. Static slot duration and clock-
anchored slot tick generation ensure deterministic radio tim-
ing and immunity to host scheduling variability, satisfying
the strict timing requirement. The streamlined three-packet
fronthaul with jumbo-frame data payloads keeps protocol
overhead minimal and sustains high link utilization, sat-
isfying the simplicity and performance requirements. The
dynamic parameters delivered per slot via the control packet
allow updates to data direction, layer count, NCO frequency,
and phase at the finest granularity the radio supports, satis-
fying the rapid dynamic control requirement without inter-
rupting the streaming pipeline.

4 Implementation

So far, we have explained the system architecture of Ra-
dioStream. We have also implemented RadioStream on a real
hardware platform. For the host side, we used two indepen-
dent x86-based servers with two different NICs (Mellanox
ConnectX-5 100 Gbps and Intel Ethernet E810-CQDAZ2 Net-
work Adapter) to ensure repeatable platform performance.
Similarly, on the radio side, we demonstrated the design’s
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scalability by implementing the FPGA design on two differ-
ent radio units.

We first used a standard commercially available RFSoC
4x2 [2] based on the Xilinx XCZU48DR SoC developed by
RealDigital. The board provides four ADC channels at up to 5
Gsps and two DAC channels at up to 9.85 Gsps with direct
RF sampling capability, a 100 Gbps QSFP28 interface, and
4 GB of PL-accessible DDR4 memory. To improve scalabil-
ity and evaluate end-to-end performance, we implemented
the system on a customized 8T8R (8 Transmitters and 8 Re-
ceivers) RFSoC with all required peripherals for SDR-based
applications, as shown in Fig. 3. This system consists of two
important components: 1) SOM (System on Module) contain-
ing an RFSoC, and 2) RF board containing all the peripherals
and Ethernet interfaces for external connectivity.

The platform is built around a custom RFSoC SOM based
on the Xilinx XCZU48DR, integrating eight ADC and eight
DAC channels, each conditioned through a VGA stage with
a maximum input level of 1dBm. PL-side DDR4 at 1333
MHz, accessed via a MIG controller, which serves as the
slot-indexed IQ buffer for downlink prefetch and uplink cap-
ture. Two 100 Gbps Ethernet interfaces are exposed via the
ARF connector, and we use one. A Zero Delay Multiplier
(ZDM) clock circuit on the SOM manages timing, accepts
a GPS or PTP reference, and drives all ADC and DAC tiles,
eliminating inter-tile skew.

The SOM mounts onto a custom RF board via an FMC+
connector. The board breaks out all interfaces required for
the target application: dual QSFP28 cages for the two 100
Gbps ports, SMA connectors for all eight TX and eight RX RF
chains, a GPS input for the ZDM reference, a PCle x8 edge
connector from the FMC+ GTY lanes, a 1 Gbps management
Ethernet port, and a USB bridge for JTAG and UART access.
In this work, the active interfaces are the primary QSFP28
port and all RF SMA connectors. The remaining peripherals
are present on the board but unused in this implementation.

5 Evaluation

We evaluate RadioStream at two levels. We first use mi-
crobenchmarks to quantify how well the platform satisfies
the three challenges from Section 1: high-speed, low-latency
data transfer and precise slot-level timing between the host
and the radio, and rapid slot-scoped control. We then show
the ease-of-use of the platform by studying three representa-
tive application scenarios and how these properties translate
into practical wireless experiments across both mmWave
and sub-6 GHz front-ends (Fig. 4.)

5.1 Microbenchmarks

Our microbenchmarks focus on four questions. First, how
accurately does the host observe the FPGA-generated no-
tion of time? Second, how quickly can the platform support
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Figure 4: Experimental setup for the mmWave transmission
test. GNU Radio running on the x86 host enables a single DAC
channel at 491.52 MHz bandwidth on the RFSoC 4x2 platform.
The DAC output is split using an RF splitter to feed the 28
GHz phased-array front-end and a Signal Hound spectrum
analyzer, where the transmitted spectrum is monitored.

low-latency SDR/system control, as captured by a representa-
tive NCO frequency update experiment on the same control
path used for slot-scoped reconfiguration? Third, can the
host software path keep up with the fronthaul link without
becoming the bottleneck? Fourth, where does the current
implementation saturate as the aggregate RF bandwidth in-
creases?

Throughput versus aggregated RF bandwidth: To show-
case the high-throughput streaming capabilities of Ra-
dioStream, we sweep the aggregate RF bandwidth and the
number of channels and report both sustained throughput
and data transfer latency between the FPGA and the host
controller, as well as the Host Controller to the Application
environment/GNURadio. This sweep identifies the point at
which the current RFSoC4x2 implementation stops being
limited by the 100 Gbps Ethernet link and instead becomes
constrained by the memory path and buffering architecture.
Due to the symmetry in the system, the results will remain
the same irrespective of the UL/DL slot configuration. The
evaluation setup is shown in Fig. 4. Across all measured
configurations described in Table 2, a maximum channel
bandwidth of 2 GHz is achieved (4 channels with 491.52Msps
sampling rate), and the optical link sustains between 84 and
91 Gbps averaged over a 20-minute test, with no packet
drops observed during an extended 5-hour experiment,
demonstrating that the DPDK-based transport path delivers
reliable high-throughput data transfer across the full tested
operating range between the host and the FPGA.

Uplink reliability versus a commercial baseline: We
compare the uplink streaming reliability of RadioStream
against a widely used commercial RFSoC SDR, the USRP X410
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driven by UHD 4.8, by running the same GNU Radio ap-
plication on both platforms and counting dropped packets
from the application logs over one-hour runs. To isolate the
transport path from any downstream signal-processing load,
we run a dry GNU Radio flowgraph on each platform in
which the received samples are discarded immediately after
the source block, so the measurement reflects only the ability
of the host stack to ingest the uplink stream at line rate. Both
platforms carry sc16 samples, the 16-bit complex format the
radios produce natively at four bytes each, over a 100 Gbps
optical Ethernet link into a host running a DPDK-based
transport with hugepage-backed buffers. The two stacks are
further matched at the NIC, with a 9000-byte Jumbo MTU
and a single receive queue on each. To keep each host path
deterministic, we isolate the streaming cores from both the
scheduler and device interrupts while pinning them to a
fixed 5.0 GHz. RadioStream runs on only three such cores,
whereas we provision the X410 baseline on a more capable
server with additional cores and a dedicated core for its
DPDK poll thread alone, deliberately favoring the baseline.
We report the aggregate uplink rate each platform sustains,
reaching each target rate by configuring active-layer count
and per-layer bandwidth.

We begin each measurement after a 10-second warm-up
to allow the transport to reach a steady state. Both platforms
are lossless through 491.52 Msps. At 983.04 Msps, i.e., two lay-
ers of 491.52 Msps, the X410 nearly keeps pace, losing about
166 million of the 3.54 trillion expected samples over the hour,
a 0.0047% loss, to two brief host-side interruptions, while
RadioStream loses none. At 1966.08 Msps, i.e., four layers of
491.52 Msps, the X410 no longer keeps up. Over the hour, it
delivers none of the roughly 7.08 trillion expected samples to
the application, a 99% loss, while RadioStream sustains the
rate. The NIC reports no missed, errored, or buffer-starved
frames on either configuration for the full hour, so nothing is
lost in transit. The shortfall lies in the host-side receive path,
where a stall backs up the radio’s FIFO and forces a restart,
and the samples not produced during the restart are counted
as lost. At four layers, these stalls become near-continuous,
cycling between overrun and restart, and the radio is stopped
for most of the hour. The X410 cannot sustain this rate with a
single QSFP28 link even on the more capable server, while Ra-
dioStream does so on only three cores. This suggests that the
constraint is the host-side, software-timed transport, not raw
host compute. The same behavior appears under UHD’s own
native benchmark_rate utility, with GNU Radio removed
from the path. Because uplink samples that arrive late or are
dropped cannot be recovered in a real-time pipeline, the miss-
ing samples are unrecoverable gaps in the received stream,
which RadioStream avoids by anchoring streaming to the
FPGA (Section 2).
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Table 2: Uplink and Downlink data transport duration (Transfer Time (us)) between the FPGA and the Host Controller, and the

instantaneous throughput (Inst. Thr (Gbps)) for the data transfer averaged across a 1-hour test

Radiostream

BW Path 1 Channel 2 Channels 4 Channels 8 Channels
Time Inst. Thr | Time Inst. Thr | Time Inst. Thr | Time Inst. Thr
122.88 MHz FPGA«—Host_Ctrl | 19.98 98.39 39.82 98.76 79.60 98.80 159.30 98.74
’ Host_Ctrl<—>App 15.11 130.12 30.09 130.70 59.88 131.32 120.17 130.89
245.76 MHz FPGA«<—Host_Ctrl | 39.81 98.77 79.59 98.81 159.28 98.75 346.60 90.76
’ Host_Ctrl<—>App 29.97 131.20 59.81 131.48 120.42 130.61 294.06 106.98
491.52 MHz FPGA—Host_Ctrl | 79.59 98.81 159.29 98.74 345.67 91.00 - -
’ Host_CtrleApp | 59.88 131.35 120.19 130.86 295.75 106.36 - -
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Figure 5: CDF of slot-tick timing jitter received at the host
controller via the custom DPDK framework. The median,
90th percentile, and 99th percentile jitter are approximately
113 ns, 318 ns, and 598 ns, respectively, demonstrating sub-
microsecond timing variability in slot scheduling,.

Slot-tick jitter and timing stability: The FPGA emits a
64-byte slot-tick packet once per slot, and the host uses this
packet as its reference for deciding whether a slot should
be used for uplink reception, downlink transmission, or idle
processing. We timestamp these packets at the host using
the CPU clock and measure the inter-arrival jitter relative to
the expected 0.5 ms slot period. Fig. 5 shows the CDF of the
absolute slot-tick jitter measured in nanoseconds. The results
demonstrate that the timing signal is highly stable: the me-
dian jitter remains below 115 ns, while the 90th and 99th per-
centile jitter are bounded by 320 ns and 600 ns, respectively.
These results confirm that the packetized slot-tick mech-
anism provides a sufficiently precise timing reference for
coordinating host-side processing with the FPGA timeline.
This experiment directly validates the central architectural
claim that the FPGA remains the timing master while the
host follows that timeline through explicit packetized timing
cues rather than through cycle-synchronous execution.

Low-latency SDR/system control: To quantify the respon-
siveness of the control plane more generally, we include a
microbenchmark for low-latency SDR/system control and
instantiate it using an NCO frequency update measurement.
This choice is representative because the same slot-scoped

A
Figure 6: Measured NCO frequency switching latency. The
oscilloscope capture shows approximately 480 ns across both
DAC channels, confirming that the platform can support
fine-grained, slot-level control of radio parameters.

control path also carries other runtime updates, such as du-
plex mode selection, layer configuration, antenna mapping,
NCO phase, and other per-slot radio parameters. In this ex-
periment, the host triggers an RFDC reconfiguration com-
mand. The trigger is routed to a GPIO for visibility, while the
RFDC busy signal and DAC output are observed using the
on-board ILA and an oscilloscope, as shown in Fig. 6. The
oscilloscope captures the time between the update request
and the observable change in the DAC output spectrum,
which corresponds to approximately 480 ns. To better un-
derstand the internal latency components, we also inspect
the RFDC control path using the on-chip ILA, which shows
that the RFDC update operation itself completes in 36 clock
cycles at the 100 MHz control clock, corresponding to 360 ns.
The remaining latency is therefore attributable to the DAC
pipeline and analog output delay (Apac). It is worth noting
that for sweep-driven applications such as spectrum sensing,
the look-ahead latency corresponds to a one-time pipeline
fill rather than a recurring per-step cost. Overall, these re-
sults demonstrate that control actions propagate through the
system and manifest at the RF output in well under 1 us, con-
firming that the platform can support fine-grained, slot-level
control of radio parameters. This experiment is particularly
important because dynamic per-slot control is one of the
central architectural claims of the platform.
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Hardware Cost and Modularity: Every module in the
Vivado pipeline is written in Verilog and exposes an AXI-
Stream interface, allowing new DSP blocks such as filters
to be incorporated into the datapath with minimal effort.
The latency of each added module must be compensated in
the gating logic to preserve over-the-air (OTA) synchroniza-
tion between the transmit and receive paths. On the target
Zynq UltraScale+ RFSoC, the design remains lightweight,
leaving over 84% of LUTs and 99% of DSPs free for ad-
ditional blocks. Programmable logic consumes accounts for
only ~3.5 W of the 14.23 W total on-chip power, with the
remaining ~10.7 W coming from fixed RFSoC platform over-
head such as the RF data converters, GTY transceivers, and
processing system.

5.2 System-level Applications

We use three application scenarios to demonstrate the capa-
bilities of RadioStream beyond the microbenchmarks above.
These experiments are not intended to claim new communi-
cation or localization algorithms. Instead, they show that the
proposed transport and control architecture supports contin-
uous wideband communication, directional beam manage-
ment, and multi-antenna sub-6 GHz processing with minimal
application-specific glue logic.

Point-to-point wideband communication: We first eval-
uate the platform in a two-node point-to-point link using
phased-array front-ends operating at 28 GHz. One node con-
tinuously transmits a 5G NR OFDM waveform (similar to
Fig. 4) with an EIRP of about 5 dBm, where the on-chip
NCO synthesizes the intermediate frequency. The transmit-
ted waveform employs 256-QAM modulation and follows
the standard 5G slot structure consisting of 14 OFDM sym-
bols per slot. Among these symbols, three carry DMRS pilots
occupying every other subcarrier to enable channel estima-
tion at the receiver. The system uses 273 physical resource
blocks, corresponding to 273 X 12 = 3276 subcarriers. The
receiving node captures the downconverted IQ samples and
streams them to the host for baseband processing. For this
experiment, we record approximately 5-6 ms of continuous
data, corresponding to roughly 10 slot periods with a slot
duration of 0.5 ms and a 30 kHz subcarrier spacing. As shown
in Fig. 7, the packet-detection output reveals slot boundaries
occurring at the expected 0.5 ms periodicity, indicating that
the platform reliably delivers complete slot payloads without
burst losses or packet drops. At the receiver, an OFDM equal-
izer is applied using the DMRS pilots, and the resulting EVM
measurements as shown in Fig. 13 remain stable across both
slot index and resource block, with values in the range of
4-6%. These results confirm that the received sample stream
is continuous and that the platform’s timing architecture
does not introduce slot-to-slot discontinuities. We note that
these capture durations correspond to the record lengths

MobiCom ’26, October 26-30, 2026, Austin, TX, USA

0.8 \ ‘ :
—— Timing Correlation
- - - Detection Threshold

e
o)}
‘

‘

o
no
‘

‘

Correlation Magnitude
o
N

- "\
0O 05 1 15 2 25 3 35 4 45
Time (ms)
Figure 7: Packet-detection output for a continuous 5G OFDM
capture over the 28 GHz phased-array link. The detections at
every 0.5 ms interval confirm slot-aligned continuous stream-

::Illl%sen for offline analysis rather than any limitation of the
platform’s continuous streaming capability.

To complement the 5G result with a more communication-
centric view, we also run a WiFi waveform whose packet
structure includes standard STF/LTF-based packet detection,
channel estimation, and CFO/SFO compensation. For this
test, the waveform uses 1024 subcarriers, with 480 KHz
subcarrier spacing (i.e., 491.52 MHz instantaneous band-
width) at a 4 GHz center frequency using the on-chip NCO.
Fig. 8 shows the received constellations for 64-QAM and 256-
QAM. The distinct clusters across both modulation orders
demonstrate that the platform preserves sample integrity
well enough to support conventional wideband communi-
cation workloads, and that the communication story in this
paper is not limited to a single sensing-style workload.
28GHz mmWave beam sweeping: We next evaluate a
directional communication procedure that exercises both
continuous streaming and phased-array control. The trans-
mitter is placed at three azimuth locations, 0°, +30°, and
—30°, while the receiver sweeps its beam across the azimuth
plane from —60° to 60° in 5° increments (Fig. 9.a). The re-
ceiver uses the same 28 GHz phased-array front end, with
all receiver elements enabled at 491.52 MHz bandwidth, and
Fig. 9.b shows the resulting SNR profile. The peaks in the SNR
curve align with the known transmitter directions, while the
side lobes and nulls are also captured as expected. The beam
selection results show about a 2.5° peak-angle error, with
negligible 0.5 dB SNR degradation. This experiment shows
that RadioStream supports both high-speed IQ transport and
the complete data path required for practical directional com-
munication procedures such as beam sweeping and beam
selection.

Sub-6 GHz AoA and range estimation: Our third scenario
uses the platform as a coherent wideband capture engine for
sub-6 GHz localization. We operate at 4 GHz and localize the
two sources from wideband channel measurements collected
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Figure 8: Received WiFi constellations for 64-QAM and 256-
QAM demonstrating clean wideband communication bring-
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Figure 9: mmWave beam sweeping: a) the setup shows the
location of three transmitters with respect to the receiver
phased-array antenna, b) demonstrates the platform capabil-
ity for accurate beam selection for three different angles.
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Figure 10: Experimental setup for the Sub-6 GHz AoA and
range estimation test. Each receive antenna is spaced 3cm
apart, and two transmit antennas are at 15° and -25° from the
orthogonal line of the receive array.

across an antenna array whose element spacing is chosen to
avoid the grating-lobe issue (3 cm < ’%) as shown in Fig. 10.
In this experiment, we vary the number of antennas and the
signal bandwidth and observe how this improves angular and
range resolution. This was not feasible with traditional SDR

Tx RFSoC

i
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architectures due to limited bandwidth and antenna count,
as well as phase incoherence between ADCs. Before diving
into the results, we tested the synchronization enabled by
the RFSoC multi-tile synchronization (MTS) feature through
a wired test. As shown in Fig. 14, The results demonstrate
that the ADC channels remain tightly phase-aligned across
the frequency sweep, confirming the effectiveness of the
multi-tile synchronization mechanism.

Fig. 11 shows the resulting profiles. This experiment does
not introduce a new AoA algorithm, and is instead meant to
demonstrate the platform preserving phase-consistent, wide-
band, multi-antenna measurements suitable for localization
and other inference workloads using the same streaming
architecture. As shown, the two-antenna configuration with
30.72 or 122.88 MHz bandwidth, representative of traditional
SDR platforms, cannot clearly distinguish the two sources.
Increasing the number of antennas to four improves the an-
gular resolution, allowing Fig. 11(c) to separate the sources
in angle. This improvement is reflected by the narrower an-
gular spread for the larger array (+20° for a 4-element array
compared with +40° for a 2-element array). Finally, Fig. 11(d)
shows that increasing the bandwidth to 491.52 MHz, com-
bined with multiple antennas, yields a much sharper profile
in which the two sources are clearly distinguishable and
validates the distance-resolution improvement from 2.4 m
for a 122.88 MHz signal to 0.6 m for 491.52 MHz.

Taken together, these three examples show that Ra-
dioStream supports continuous wideband communication,
dynamic fine-grained control over parameters like NCO fre-
quency and phase, directional phased-array operation, and
coherent multi-antenna sensing workloads using the same
underlying timing, transport, and control substrate. The
microbenchmarks above quantify the platform properties
that make these experiments possible, while the application
results here demonstrate what those properties enable in
practice.

6 Related Work

Experimental wireless platforms have long traded flexibil-
ity against the data rates and timing fidelity the hardware
could sustain. Early software radio showed commodity pro-
cessors could run real-time PHY: Sora ran full 802.11a/b/g
on multi-core CPUs via a custom PCle radio bridge [51],
and GNU Radio with USRP front-ends made rapid proto-
typing widely accessible [12]. Argos distributes beamform-
ing across large arrays [46], LuMaMi performs real-time
100-antenna processing in a dedicated chassis [30, 37], and
shared testbeds [8, 10, 13, 15, 25, 40] lowered the barrier to
at-scale experimentation, but each fixes a particular radio
front-end and transport fabric. While the RFSoC removed
the converter bottleneck by integrating high-speed ADCs
and DACs directly with the FPGA, it shifted the challenge to
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Figure 11: Joint AoA/range profile from a sub-6 GHz wideband capture. This experiment highlights that the platform can
deliver phase-consistent multi-antenna data to higher-layer sensing and inference pipelines.

wideband streaming between the radio and a flexible host.
As detailed in Section 2, at these rates the transport interface
between the deterministic radio and the non-deterministic
host becomes a first-order design problem, which is the focus
of our work.

On the baseband side, a complementary line of work shows
how far software-driven experimentation can be pushed once
samples reach the host. Agora shows that optimized soft-
ware can support real-time massive-MIMO processing on
commodity servers [24], and RENEW argues more broadly
that wireless research needs infrastructure that combines
software flexibility with deployable hardware [25]. But these
systems largely assume that high-rate IQ already arrives
reliably. Recent mmWave and beamforming prototypes simi-
larly demonstrate the benefits of tighter hardware-software
co-design, enabling advanced beamforming techniques dif-
ficult to realize with generic SDR stacks [22, 26, 33], but
each targets a specific signal-processing pipeline or array
architecture.

In contrast, we focus on the architecture: a streaming in-
terface that must deliver samples across heterogeneous tim-
ing domains without sacrificing utilization or fine-grained
control. RadioStream complements these efforts by provid-
ing the missing middle layer: a slot-aware, FPGA-anchored
streaming substrate that connects high-rate RF hardware
to flexible host computation while preserving deterministic
timing, high transport efficiency, and fine-grained control.

7 Limitations and Future Work
Scalability to higher channels: RadioStream currently
operates over a single point-to-point 100 Gbps fronthaul link.
Scaling to 8-channel full-duplex operation at 491.52 MHz per
channel pushes the aggregate IQ data rate to approximately
126 Gbps, exceeding a single link. For 5G-like applications
requiring the full 0.5 ms slot duration, you can address this by
activating the second QSFP port already routed on the SOM
and EVK hardware. For applications that permit a shorter
slot duration, the slot buffers can instead be realized entirely
in on-chip RAM, eliminating the external DDR path.
Full-stack framework integration: RadioStream’s im-
plementation targets a single RFSoC platform with a fixed
500 us slot cadence and a DPDK-based host data path. A

natural next step is integration with software RAN frame-
works such as srsRAN or OpenAirInterface, which is feasible
through a thin adapter layer with no changes to the FPGA
design or the DPDK fast path. Exposing the DPDK host pro-
gram through each framework’s existing radio abstraction,
the radio session and baseband gateway interface in srsRAN,
or the equivalent device abstraction in OpenAirlnterface,
makes the fronthaul appear as an ordinary radio device, so
the modem can drive it as it would any other radio. Staging
buffers in the adapter decouple the fixed FPGA slot cadence
from the modem’s variable buffer sizes and de-interleave the
layer-multiplexed slot payload into the per-antenna buffers
both frameworks expect.

Multi-node synchronization: All current experiments
operate over a single RESoC-host link. The slot-synchronous
contract extends naturally to multi-node deployments
through a shared GPS or PTP reference, but their syn-
chronization remains an open direction for future work.

8 Conclusion

RadioStream addresses three fundamental challenges in
wideband multi-antenna SDR platforms: i) for host-radio
time synchronization, it anchors slot timing in the FPGA
and exports slot boundaries to the host via explicit slot-
tick Ethernet packets, avoiding the shared-clock issues of
host-centric stacks, with slot-tick jitter below 600 ns at the
99th percentile; ii) for wideband streaming, a streamlined
three-packet Ethernet fronthaul sustains 90 Gbps across
all tested channel counts and bandwidths with no packet
drops; and iii) for fine-grained radio control, a two-slot look-
ahead delivers per-slot updates to NCO frequency, phase,
data direction, and antenna configuration, with control
reaching the RF output in under 500 ns. Evaluated across
communication and sensing workloads with GNU Radio
integration, RadioStream shows that all three properties
hold in practice, enabling a platform for next-generation
wireless applications.
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A Appendix
A.1 Custom SDR Hardware Desciption
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Figure 12: Block diagram schematic of SOM module in the
center and the RF board containing all the peripherals; the
SOM Module and the RF Board are connected via FMC+ con-
nectors.

Fig. 12 shows the block diagram of the custom System on
Module (SOM) used as the radio unit in RadioStream. The
SOM is built around the Xilinx xczu48dr, a Zynq UltraScale+
RFSoC Gen 3 device that integrates eight RF-ADC channels
operating at up to 5 Gsps and eight RF-DAC channels at up to
9.85 Gsps directly on the same die as the programmable logic
fabric and ARM processing subsystem. This monolithic inte-
gration eliminates the external JESD204 interfaces required
by conventional multi-chip radio front-ends, reducing board
complexity and inter-component timing skew.

The SOM measures approximately 4x5 inches and exposes
the full peripheral set of the xczu48dr through VITA 57.4-
compliant FMC+ connectors, including high speed GTY
transceivers for multi-gigabit serial links, PS-side MIO pe-
ripherals, and direct ADC/DAC signal access. On-module
support circuitry includes 4 GB of PL-side DDR4 at 1333 MHz
accessed via a MIG controller, 4 GB of PS-side DDR4 at
1200 MHz for the ARM subsystem, dual 256 MB QSPI flash,
8 GB eMMC storage, and a Zero Delay Multiplier (ZDM)
clock distribution circuit that accepts a GPS or PTP refer-
ence and distributes phase-aligned clocks to all ADC and
DAC tiles. In RadioStream, the ARM subsystem and PS-side
memory are unused, with all baseband and transport logic
executing entirely within the PL fabric.

Radiostream

The SOM is mounted on a custom RF board via the

FMC+ connector, which routes all high-speed interfaces to
application-specific peripherals: dual QSFP28 cages for two

independent 100 Gbps Ethernet ports, SMA connectors for
all eight TX and eight RX RF chains, a GPS synchronization
input for the ZDM reference, a PCle x8 edge connector
from the FMC+ GTY lanes, a 1 Gbps management Ethernet
port, and a USB bridge providing simultaneous JTAG and
UART access. In this work, the active interfaces are the
primary QSFP28 port, all RF SMA connectors, and the GPS
input. The modular SOM-plus-carrier architecture sepa-
rates RF-agnostic compute and memory resources from
application-specific connectivity, allowing the same SOM to
be redeployed on alternative carrier boards without FPGA
redesign.
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Figure 13: EVM across slot index and resource blocks for

the 28 GHz point-to-point link. The stability of the EVM

profile indicates that the platform does not introduce slot-

scale discontinuities or missing samples.
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Figure 14: Phase coherence across ADC channels enabled by
RFSoC multi-tile synchronization (MTS)
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