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ACG Contribution 

1. Summary-Experimental 5G-NR ISAC Hardware Platform 

The evolution of wireless networks toward the sixth generation is predicated on the convergence of distinct 

functionalities that have historically operated in isolation: high-data-rate communications and high-

resolution environmental sensing. This paradigm, widely referred to as Integrated Sensing and 

Communications, envisages a network infrastructure that functions as a pervasive radar system, employing 

radio frequency signals not only for information transmission but also for localizing, tracking, and imaging 

objects within the propagation environment.  

This document constitutes Section 1 of Deliverable D1.6, "Intermediate report on Task 1.3 activities." Task 

1.3 is explicitly tasked with the development, implementation, and validation of ISAC hardware architectures. 

While theoretical models delineate the bounds of performance, the practical realization of ISAC within the 

Frequency Range 1 band, which remains the cornerstone of commercial cellular coverage, necessitates 

rigorous experimental validation. In contrast to millimeter-wave systems, which provide extensive 

bandwidths conducive to high-resolution sensing, albeit at the cost of substantial path loss and susceptibility 

to blockage, FR1 systems afford superior coverage and reliability yet are markedly constrained by limited 

bandwidth and spectrum congestion. Accordingly, the hardware challenge resides not solely in signal 

processing but in the physical-layer implementation of transceivers and antenna systems capable of 

extracting sensing information from standard, narrowband 5G New Radio waveforms without compromising 

communication key performance indicators. 

The objective of the hardware testbed delineated in this report is to demonstrate the viability of FR1 ISAC 

employing unmodified 5G NR waveforms.1 The testbed is engineered to validate a novel "Dual-Function" 

mode of operation wherein the network infrastructure detects passive targets while sustaining a 

communication link with user equipment. A principal innovation of this platform is the incorporation of a 

Multi-Active/Multi-Passive antenna array. This hardware architecture mitigates the critical challenge of 

energy efficiency in 6G massive MIMO systems by diminishing the number of active radio frequency chains 

requisite for beamforming, exploiting the physics of mutual coupling and load modulation on parasitic 

elements to attain directional transmission.1 

The ensuing sections furnish a comprehensive technical exposition of the experimental hardware platform. 

This encompasses a detailed examination of the dual-software-defined-radio transceiver architecture, the 

electromagnetic design of the MAMP antenna array, the physical geometry of the bistatic sensing 

configuration, and the parameterization of the physical-layer waveforms. The report is structured to deliver 

a system-level overview succeeded by meticulous component-level analyses, documenting the precise 

engineering decisions undertaken to guarantee compatibility with 5G infrastructure and conformity to the 

project's stringent scientific standards. 
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1.1 Dual-SDR Architecture 

The fundamental architecture of the experimental ISAC platform is based upon a flexible and reconfigurable 

Software Defined Radio framework. To emulate a realistic bistatic radar configuration, wherein the 

transmitter and receiver constitute physically distinct nodes, the system separates the transmission and 

reception functions into independent hardware units. This separation facilitates the independent 

optimization of transmit waveform generation and receive echo processing, thereby replicating the topology 

of a cellular network in which a base station transmits and a dedicated sensing node captures reflections. 

The architecture adopts a "Dual-SDR" configuration, employing the Ettus Research USRP B210 as the 

transmitter and the National Instruments USRP-2953R as the receiver. These devices are connected to 

distinct host computers, designated as PC1 and PC2, thereby establishing a distributed processing 

environment. 

 

Figure 1-Experiment Device Setup 

1.1.1 Transmitter Subsystem: USRP B210 Implementation 

The transmitter node employs the USRP B210, a fully integrated, single-board Universal Software Radio 

Peripheral. This device was selected for its cost efficiency and its capacity to accommodate the diverse 
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frequency bands required by the ISLANDS project, particularly the 2.4 GHz ISM band utilized in this FR1 

demonstration. 

RF Frontend Specifications: 

The RF frontend of the USRP B210 is driven by the Analog Devices AD9361 Radio Frequency Integrated Circuit. 

This chip incorporates a direct-conversion architecture, which affords high agility in frequency tuning and 

gain control. 

● Frequency Range: The B210 supports a continuous frequency range from 70 MHz to 6 GHz. This 

encompasses the 2.4 GHz center frequency selected for the ISAC experiments, enabling operation 

well within the device's optimal performance envelope. 

● RF Bandwidth: The AD9361 supports instantaneous bandwidths up to 56 MHz. For this experiment, 

the system is configured for a 10 MHz bandwidth, ensuring a substantial margin to minimize 

nonlinear distortion and passband ripple that could impair sensing correlation peaks. 

Digital Processing and Host Interface: 

Digital signal processing on the B210 is managed by a Xilinx Spartan-6 XC6SLX150 FPGA. This FPGA executes 

the requisite interpolation and digital up-conversion to translate baseband I/Q samples from the host PC 

into the RF domain. 

● Sampling Rate: The B210 supports a maximum I/Q sampling rate of 61.44 MS/s. This rate is essential 

for 5G NR waveform generation, as it constitutes an integer multiple of the fundamental LTE/5G 

baseband rates, thereby simplifying resampling and synchronization within the 3GPP numerology 

framework. 

● Interface: The connection to the host computer is via a USB 3.0 SuperSpeed interface. Although USB 

3.0 provides adequate throughput for the 10 MHz bandwidth signal, it introduces nondeterministic 

latency relative to PCIe interfaces. Accordingly, the transmitter architecture operates in continuous 

streaming mode, wherein the host PC pre-generates 5G NR frames and streams them cyclically to 

the SDR buffer, ensuring uninterrupted waveform transmission. 

PC-Host Setup: 

PC1 serves as the baseband generator for the ISAC waveform. Employing the MATLAB 5G Toolbox PC1 

synthesizes complex baseband samples corresponding to Synchronization Signal Blocks and data channels. 

These samples are transferred to the B210 via the USRP Hardware Driver. The decoupling of the transmitter 

host enables PC1 to focus exclusively on waveform fidelity, thereby ensuring compliance with 5G NR Error 

Vector Magnitude requirements. 
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1.1.2 Receiver Subsystem: NI USRP-2953R Implementation 

The receiver node undertakes the more computationally intensive task of capturing high-fidelity echoes in a 

high-clutter environment. Accordingly, the NI USRP-2953R is employed, representing a superior tier of 

performance relative to the B210, specifically selected for its enhanced bandwidth, frequency stability, and 

throughput capabilities essential for radar processing. 

High-PerformanceRFArchitecture: 

The USRP-2953R operates over a frequency range of 1.2 GHz to 6 GHz. Its architecture is optimized for high-

dynamic-range applications, which are imperative in bistatic sensing scenarios where the direct-path signal 

from the transmitter exceeds the target reflection by orders of magnitude. 

● Bandwidth Capabilities: A distinguishing feature of the USRP-2953R is its support for instantaneous 

bandwidths substantially exceeding the 10 MHz signal bandwidth. The device specifications indicate 

I/Q sampling rates up to 200 MS/s. 

● Oversampling Advantage: By employing a receiver capable of 200 MS/s, the system achieves 

significant oversampling of the 10 MHz sensing signal. This oversampling enhances delay estimation 

through finer interpolation of the cross-correlation function, thereby improving range resolution 

beyond the nominal limit. 

FPGAandHostInterface: 

The digital backend of the USRP-2953R incorporates a Xilinx Kintex-7 410T FPGA.4 This substantial FPGA 

fabric delivers the throughput required to stream wideband data without packet loss, which is essential for 

coherent integration in radar processing. 

● Interface: The USRP-2953R connects to the receiver host via a PCIe x4 interface or high-speed 10 

Gigabit Ethernet.4 This interface ensures deterministic, low-latency data transfer, facilitating the 

capture of extended coherent processing intervals necessary to resolve Doppler shifts and enhance 

the signal-to-noise ratio through integration. 

PC Host Configuration: PC2 constitutes a high-performance workstation dedicated to the acquisition 

and processing of radar data. It executes the sensing algorithms responsible for channel estimation, 

clutter suppression, and target detection. The segregation of PC2 from PC1 ensures that the 

substantial I/O demands of recording high-speed raw I/Q data do not compromise the stability of the 

transmission link. 

1.1.3 Synchronization and Clock Disciplining 

A paramount challenge in distributed bistatic radar systems is the synchronization between the transmitter 

and receiver. In the "Dual-SDR" architecture, the B210 and USRP-2953R rely on independent local oscillators. 
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● GPSDO Integration: The USRP-2953R is equipped with a GPS-disciplined oscillator featuring an oven-

controlled crystal oscillator.3 This configuration provides a frequency accuracy of <1 ppb when 

locked to GPS, which is vital for mitigating carrier frequency offset drift at the receiver. 

● Architectural Implications: Although the B210 utilizes a standard temperature-compensated crystal 

oscillator, the superior stability of the receiver's GPSDO enables the system to maintain phase 

coherence over the duration of the 5G frames, with residual offsets compensated via digital pilot-

aided estimation. 

Table 1: Comparative Specifications of the ISAC Dual-SDR Hardware 

Parameter Transmitter Node Receiver Node 

Hardware Model Ettus USRP B210 NI USRP-2953R 

RF Transceiver AD9361 (Direct Conversion) High-Performance RF Daughterboard 

Frequency Range 70 MHz – 6 GHz 1.2 GHz – 6 GHz 

Max Sampling Rate 61.44 MS/s 200 MS/s (Device Capability) 

FPGA Xilinx Spartan-6 XC6SLX150 Xilinx Kintex-7 410T 

Host Interface USB 3.0 PCIe x4 / 10 GbE 

Role in Testbed Waveform Generation (Tx) Echo Acquisition (Rx) 
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1.2 The MAMP Antenna Array 

A pivotal hardware innovation in the Task 1.3 platform constitutes the deployment of a Multi-Active/Multi-

Passive antenna array at the transmitter. This component directly addresses the project's objective of 

enhancing hardware efficiency by enabling directional beamforming without incurring the prohibitive costs 

and power consumption associated with fully digital phased arrays. 

 

Figure 2.MAMP Antenna 

1.2.1 Hardware Construction and Element Configuration 

The MAMP array consists of a custom-fabricated printed circuit board , engineered for operation at a center 

frequency of 2.4 GHz. Its architecture is characterized by a hybrid configuration of active and passive 

radiators. 

● Active Elements: The array incorporates two active elements, comprising conventional monopole or 

patch antennas physically interfaced to the RF output ports of the USRP B210 via coaxial cables. 

These elements serve as the exclusive sources of RF energy injection into the array system. By 

restricting the number of active elements to two, the system ensures compatibility with the two-

channel MIMO capability of the economical USRP B210. 
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● Parasitic Elements: Encircling the active elements are twelve parasitic elements, which are not 

connected to any RF source or receiver. Instead, they function as electromagnetic scatterers, 

arranged in a specific geometry engineered to maximize mutual coupling between the active drivers 

and the parasitic reflectors/directors. 

This configuration yields an effective 14-element aperture that functions as a high-gain array while 

presenting merely a two-port interface to the digital baseband system. This diminution in the number of RF 

chains signifies a substantial advancement in energy efficiency and hardware simplicity, critical metrics for 

massive MIMO deployments in 6G. 

 

1.2.2 Beam Steering via Load Modulation (Analog Beamforming) 

The beam steering capability of the MAMP array is achieved through a technique known as Load Modulation 

or Electronically Steerable Parasitic Array Radiator (ESPAR) beamforming. 

● Mutual Coupling Principle: When the two active elements radiate, they induce currents in the closely 

spaced parasitic elements due to mutual electromagnetic coupling. The magnitude and phase of 

these induced currents are not fixed; rather, they are dependent on the impedance boundary 

conditions at the feed points of the parasitic elements. 

● Variable Reactance: Each of the 12 parasitic elements is terminated with a tunable reactive load. In 

hardware, this is typically implemented using varactor diodes or banks of switched 

capacitors/inductors. By varying the DC bias voltage applied to the varactors (or switching the 

capacitor states), the reactance of the load is altered. 

● Phase Control: Changing the reactance changes the phase of the current re-radiated by the parasitic 

element relative to the driving active element. By precisely calculating the vector of load reactances 

for all 12 parasitic elements, the array can be configured to create constructive interference in a 

specific desired direction (the main beam) and destructive interference in others (nulls). 

● Analog Nature: This process constitutes a form of analog beamforming that occurs in the RF domain 

on the antenna structure itself. Unlike digital beamforming, which requires complex matrix 

multiplications in the baseband, MAMP beamforming is achieved by simple voltage control of the 

parasitic loads. 

1.2.3 Measured Performance and Benchmarking 

The MAMP antenna array was characterized to validate its suitability for ISAC applications, specifically 

focusing on its spatial resolution and gain. 

● Half-Power Beamwidth (HPBW): The measured Half-Power Beamwidth of the MAMP array is 

43°.This specification defines the angular resolution of the hardware testbed. While broader than 
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high-end mmWave phased arrays, a 43° beamwidth in the FR1 band is sufficient to demonstrate 

sector-level scanning and coarse target localization, significantly outperforming single-element 

systems. 

 

Figure 3-Measure Radiation Pattern 

● Benchmarking vs. Omni-directional: To quantify the performance benefits, the experimental setup 

contrasts the MAMP array with standard omni-directional monopole antennas (specifically TP-LINK 

monopoles).The benchmark comparison focuses on Signal-to-Noise Ratio (SNR). The MAMP array 

provides a "Gain Advantage" (directional gain) that concentrates the transmitted energy toward the 

target and the UE. This gain is critical in the FR1 band to overcome the path loss and clutter of indoor 

environments, enabling the detection of radar echoes that would otherwise be buried in the noise 

floor of an omni-directional transmission. 
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Figure4-Recieved SNR Under Different Scenarios and Antennas 

1.3 Bistatic Sensing Configuration 

The experimental platform adopts a bistatic radar configuration, where the transmitter (Tx) and receiver (Rx) 

are spatially separated. This geometry introduces specific complexity in terms of synchronization and 

coordinate definitions but accurately reflects the operational reality of cooperative sensing in cellular 

networks. 

1.3.1 Physical Geometry and Layout 

The experiment is conducted in a laboratory environment characterized as a "densely multipath indoor 

laboratory".1 The physical layout is strictly defined to facilitate the calculation of bistatic range and angle. 

● Receiver Array Geometry (Rx Line): The receiving subsystem consists of three monopole antennas 

arranged in a linear formation. 
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○ Rx1 and Rx2: These two antennas act as the radar receiver (forming a SIMO system). They 

are connected to the inputs of the NI USRP-2953R. 

○ UE Antenna: A third monopole, representing the 5G User Equipment (UE), is placed in line 

with the radar receivers to monitor the communication link quality (SNR) simultaneously. 

○ Spacing: The spacing between the receive elements is fixed at 1.0 meters.1 Specifically, the 

receivers (Rx1, Rx2) are separated by 1m, creating a wide-baseline SIMO setup that enhances 

spatial diversity and angular resolution via triangulation. 

● Transmitter Position: The MAMP antenna array (Tx) is positioned at a standoff distance of 2.0 meters 

from the receiver line.1 The transmitter is mounted on a rotatable platform, allowing the beam to be 

steered (mechanically or electronically) across the angular domain relative to the receivers. 

● Target Position: The target is placed in the forward scattering region, positioned at a distance of 0.5 

meters from the receiver designated as Rx2.1 This short-range placement is essential for indoor 

validation, ensuring the radar cross-section (RCS) is sufficient to produce detectable echoes above 

the direct signal interference (DSI). 

1.3.2 Target Characteristics 

To ensure deterministic scattering properties, a canonical target is employed for the hardware validation. 

● Material: The target is a rectangular Aluminum plate. Aluminum serves as a standard reference 

reflector in microwave engineering due to its high conductivity, approximating a Perfect Electric 

Conductor (PEC) at 2.4 GHz. 

● Dimensions: The plate measures 60 cm x 90 cm.1 At the operating frequency of 2.4 GHz (wavelength 

$\lambda \approx 12.5$ cm), the target dimensions are significantly larger than the wavelength 

($>4\lambda$). This places the target in the "optical" scattering region, where specular reflection 

dominates, maximizing the bistatic RCS presented to the receiver. 

1.3.3 Bistatic Triangle Geometry 

The geometric arrangement defines a specific "Bistatic Triangle" for signal processing: 

1. Path 1 (Tx to Target): The range from the MAMP array to the Aluminum plate. This distance varies 

as the beam scans but is geometrically determined by the 2m standoff and the target's position 

relative to the Tx boresight. 

2. Path 2 (Target to Rx): The short reflection path, fixed at approximately 0.5 meters to Rx2. 

3. Baseline (Tx to Rx): The direct line-of-sight path between the transmitter and receiver, measuring 

approximately 2.0 meters (depending on the specific Rx element). 

The hardware platform relies on detecting the time-difference-of-arrival (TDOA) between the echo 

signal (Path 1 + Path 2) and the direct baseline signal (Side C) to resolve the target ellipse. 
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1.4 Waveform & Radio Frame Configuration 

The hardware testbed is strictly constrained to operate using standard 5G New Radio (NR) physical layer 

parameters.  

1.4.1 Physical Layer Parameter Summary 

The following parameters are configured in the baseband generator (PC1) and the USRP hardware : 

Table 2: 5G NR Physical Layer Configuration 

Parameter Value Rationale for Hardware Selection 

Center 

Frequency 

2.4 GHz Frequency Range 1 (FR1): Compatible with standard commercial 5G 

deployments and the RF range of both USRP models (B210/2953R). Provides 

favorable indoor propagation compared to mmWave. 

System 

Bandwidth 

10 MHz 3GPP Compliance: A standard channel bandwidth for FR1. While narrower 

than FR2, 10 MHz fits within the B210's USB 3.0 throughput limits while 

providing sufficient resolution for proof-of-concept. 

Subcarrier 

Spacing 

(SCS) 

15 kHz Numerology : The standard SCS for sub-6 GHz 5G. Provides a long symbol 

duration ( 66.7 microseconds), making the system robust against multipath 

delay spread in the indoor lab environment. 

FFT Size 1024 Derived from the 10 MHz bandwidth and 15 kHz SCS to align with 5G 

resource grids. 
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Frame 

Duration 

10 ms Standard 5G radio frame duration. 

1.4.2 Frame Structure and Sensing Signal 

The hardware utilizes an unmodified 3GPP 5G-NR frame structure. The sensing capability is not achieved by 

inserting dedicated radar pulses (which would reduce spectral efficiency) but by repurposing existing 

synchronization signals. 

● The Sensing Probe (SSB): The testbed utilizes the Synchronization Signal Block (SSB) as the radar 

probe. Specifically, the Primary Synchronization Signal (PSS) is the active sensing waveform. 

● Sequence Properties: The PSS is constructed from frequency-domain Zadoff-Chu (ZC) sequences(also 

known as m-sequences in the context of the snippet). ZC sequences are chosen for the 5G standard 

because they exhibit Constant Amplitude Zero Autocorrelation (CAZAC) properties. In the hardware 

testbed, this property is exploited for radar pulse compression: the PSS yields a sharp correlation 

peak with zero sidelobes in the ideal case, allowing for precise time-of-arrival estimation even in low 

SNR conditions. 

● Symbol Allocation: In the experimental frames, the first OFDM symbol is allocated to the PSS. This 

symbol serves as the "matched-filter probe." The receiver hardware captures the entire frame, but 

the sensing processor extracts this specific PSS symbol to perform cross-correlation against the 

known transmitted sequence. 

● Data Integration: The remaining symbols in the slot carry communication data (PBCH, PDSCH). This 

configuration validates the dual-function nature of the hardware: the MAMP array transmits a single 

waveform that is simultaneously decoded by the UE (for data) and processed by the Radar Rx (for 

sensing), with no time-division multiplexing required between functions. 

1.4.3 Compatibility Rationale 

These settings,2.4 GHz, 10 MHz BW, 15 kHz SCS,were chosen to rigorously demonstrate that ISAC is not the 

exclusive domain of wideband mmWave systems. By validating the MAMP antenna and bistatic reception 

using the most fundamental 5G numerology (0), the testbed proves that sensing capabilities can be 

retrofitted onto the vast majority of existing sub-6 GHz cellular infrastructure. The 10 MHz bandwidth, while 

limiting the theoretical range resolution , forces the reliance on the MAMP array's angular resolution and 

advanced signal processing, verifying the efficacy of the hardware in constrained environments. 
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1.5 Signal Integrity Analysis of the Dual-SDR Chain 

The fidelity of the sensing data is intrinsically linked to the performance of the SDR signal chain. This section 

analyzes the specific hardware characteristics of the USRP B210 and USRP-2953R that impact the bistatic 

radar measurement. 

 

 

1.5.1 USRP B210: Direct Conversion and USB Limitations 

The transmitter (USRP B210) utilizes a Zero-IF (Direct Conversion) architecture via the AD9361. While cost-

effective, this architecture introduces specific impairments: 

● I/Q Imbalance: In direct conversion, the Local Oscillator (LO) is at the same frequency as the carrier. 

Imperfections in the analog mixers can lead to amplitude and phase mismatches between the I and 

Q paths, resulting in "ghost" images in the spectrum. 

● DC Offset: LO leakage appears as a DC spike in the baseband. In 5G NR, the subcarrier at DC is typically 

nulled or managed to avoid this, but in radar processing, DC offset can mask static clutter. 

● USB 3.0 Latency: The USB interface is packet-based and host-controlled. The maximum throughput 

of 61.44 MS/s is close to the practical limit of reliable USB streaming. To prevent "underflow" errors 

(where the radio runs out of samples to transmit), the PC1 host setup must employ high-priority 

threads or real-time kernels. Any interruption in the transmit stream destroys the periodicity 

required for Doppler processing. 

1.5.2 NI USRP-2953R: Dynamic Range and Throughput 

The receiver (NI USRP-2953R) is designed to mitigate the limitations of the transmitter. 

● Dynamic Range: The 14-bit ADCs of the 2953R (compared to 12-bit on B210) provide theoretically 

12 dB more dynamic range. In the lab setup, the "Direct Signal Interference" (DSI),the signal traveling 

2m directly from Tx to Rx,is vastly stronger than the echo from the aluminum plate. High dynamic 

range is essential to ensure the ADC does not saturate on the DSI, which would render the weak 

target echo undetectable (the "blinding" effect). 

● PCIe Throughput: The PCIe x4 interface provides up to 800 MB/s of bandwidth. This allows the 

capture of raw I/Q data at high sample rates (oversampling) without decimation. In the context of 

Task 1.3, this capability is currently used for data logging to PC2, but the onboard Kintex-7 FPGA 

offers the potential for future "hardware-in-the-loop" processing where pulse compression is 

performed on the FPGA to reduce the data rate sent to the host. 
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1.6 Environmental Factors and Geometry 

The "densely multipath indoor laboratory" presents a complex channel model that the hardware must 

navigate. 

1.6.1 Multipath Clutter and the "Flash" Effect 

In an indoor lab, reflections occur not just from the target, but from walls, floors, and equipment. This creates 

"static clutter." 

● Hardware Mitigation: The bistatic geometry (Tx 2m from Rx) creates a quasi-monostatic 

configuration where the bistatic angle is small. This simplifies the geometry but increases the clutter 

return. 

● Target RCS: The 60cm x 90cm aluminum plate is a "canonical" target. Its Radar Cross Section (RCS) is 

highly specular. This ensures that when the MAMP beam sweeps across the target azimuth, the 

return provides a distinct "flash" in the Signal-to-Noise Ratio (SNR). The experiment relies on 

detecting this SNR variance rather than performing complex clutter cancellation, which validates the 

beamforming gain of the MAMP hardware. 

1.6.2 Fresnel Zone Considerations 

The 2.4 GHz frequency corresponds to a wavelength. The "Far Field" distance is typically defined as , where 

D is the antenna aperture. 

● For the MAMP array (estimated aperture ) and . 

● Experimental Geometry: The Tx is 2m away (Far Field). However, the target is only 0.5m from Rx2. 

This places the target-to-receiver interaction in the "Radiating Near Field" (Fresnel region). 

● Implication: In the near field, wavefronts are spherical. Standard radar equations assume planar 

waves. The hardware platform's ability to detect the target despite these near-field effects 

demonstrates the robustness of the system, though it suggests that the "measured HPBW" may 

effectively broaden slightly in the near-field zone. 

1.7 5G NR Numerology: The Bandwidth-Resolution Trade-off 

The choice of physical layer parameters (10 MHz BW, 15 kHz SCS) represents a deliberate engineering trade-

off between standard compliance and sensing resolution. 

● Range Resolution Limitation: Radar range resolution is . For B=10 MHz,  

● The Hardware Solution: A resolution of 15 meters is insufficient to locate objects inside a room. This 

highlights the importance of the MAMP antenna. The hardware platform does not rely on range 

resolution (bandwidth) to separate the target from the background; it relies on angular resolution 
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(beamwidth). By steering the beam, the system spatially filters the environment. The detection event 

occurs when the beam overlaps with the target, validating that spatial hardware (antennas) can 

compensate for spectral limitations (bandwidth) in FR1 ISAC. 

1.8 Summary 

This section presents the architecture and implementation of the experimental hardware testbed designed 

to validate integrated sensing and communications in the 5G Frequency Range 1 band. The platform operates 

at 2.4 GHz with a 10 MHz bandwidth and 15 kHz subcarrier spacing, employing unmodified 5G New Radio 

waveforms to demonstrate compatibility with commercial cellular infrastructure. 

The testbed features a dual-SDR architecture that physically decouples the transmission and reception nodes 

to emulate a realistic bistatic sensing network. The transmitter employs a USRP B210 software-defined radio 

connected to a dedicated host for baseband waveform generation. The receiver utilizes a high-performance 

NI USRP-2953R, which affords superior dynamic range and bandwidth for capturing weak radar echoes in 

cluttered environments. Synchronization between nodes is maintained through high-stability oscillators, 

including a GPS-disciplined oscillator on the receiver. 

A principal innovation of the platform is the integration of a multi-active/multi-passive antenna array at the 

transmitter. This array employs a hybrid configuration of 2 active and 12 parasitic elements to achieve a 

measured half-power beamwidth of 43 Degrees via analog load modulation. This design substantially 

enhances energy efficiency by reducing the number of required RF chains while providing the directional gain 

necessary for target detection in the narrowband FR1 channel. 

The system is configured in a bistatic geometry, with the transmitter positioned 2.0 m from a linear array of 

receiver monopoles spaced 1.0 m apart. A 60 cm * 90 cm aluminum plate serves as the canonical target, 

placed 0.5 m from the receiver to validate detection in the optical scattering regime. The sensing function is 

realized by processing the Primary Synchronization Signal within the standard 5G Synchronization Signal 

Block, thereby demonstrating dual-functionality in which a single waveform supports both user 

communication and environmental sensing. 

2. State-of-the-Art Hardware Review 

2.1 The Waveform-Centric SDR Architecture (UCL Demo)[23] 

This section provides a forensic deconstruction of the hardware architecture employed in the experimental 

proof-of-concept for Integrated Sensing and Communications (ISAC) waveform design conducted by Xu et al. 

(2022). As a representative example of "Waveform-Centric" ISAC, this testbed prioritizes the mathematical 

optimization of the digital signal, specifically orthogonal frequency division multiplexing (OFDM) 

waveforms,to achieve dual-functional capabilities. The burden of integration is shifted entirely to the digital 

baseband domain, allowing the use of generalized, off-the-shelf hardware components. 
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By dissecting the specific hardware choices made in this implementation,ranging from the transceiver chipset 

and FPGA resources to the antenna topology and host interface,we establish a rigid comparative baseline. 

This analysis reveals the inherent architectural ceilings of digital-first approaches, specifically regarding 

power consumption, computational latency, and spectral scaling, thereby contextualizing the necessity for 

the "ISLANDS" project’s analog-domain Frequency Range 1 (FR1) Multimode Antenna Matrix Processing 

(MAMP) innovations. 

The following subsections rigorously detail the hardware specifications extracted from the UCL testbed, 

analyzing the implications of each component choice on the system's operational envelope. 

 

2.1.1 SDR Platform Architecture: The NI USRP-RIO-2953R Ecosystem 

The core radio frequency (RF) transceiver infrastructure for the UCL testbed is constructed from a cluster of 

National Instruments (NI) USRP-RIO-2953R devices. The selection of this specific Software Defined Radio 

(SDR) platform dictates the fundamental performance boundaries of the experimental setup, defining the 

available dynamic range, bandwidth, and synchronization capabilities essential for Multi-User MIMO (MU-

MIMO) operation. 
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Figure5-Tx-USRP Array: MIMO transceiver that precodes and decodes multi-user signals. 

The USRP-RIO-2953R is distinguished by its "Reconfigurable I/O" (RIO) architecture, which integrates the RF 

frontend directly with a high-performance Xilinx Kintex-7 410T FPGA. 

While the primary focus of the UCL experiment is on host-based waveform generation, the presence of the 

Kintex-7 is structurally significant. In a typical SDR, the separation between the RF transceiver and the host 

processor introduces significant latency. The RIO architecture bridges this gap by placing a massive digital 

signal processing (DSP) fabric inline with the data stream. 
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In the context of the UCL ISAC experiment, the FPGA serves as the primary data aggregator and coherency 

engine. The Kintex-7 410T provides the logic density required to manage dual-channel I/Q streaming at high 

sample rates, although the experiment itself operates at a modest 20 MS/s. The FPGA's role extends to 

managing the precise timing triggers derived from the 10 MHz reference and Pulse Per Second (PPS) signals, 

ensuring that the distributed array of six antennas transmits the OFDM symbols in perfect phase alignment,a 

prerequisite for the digital beamforming techniques explored in the paper. 

RF Frontend Specifications and Signal Chain: 

The analog signal chain of the USRP-2953R defines the physical layer fidelity of the ISAC waveform. Based on 

the device specifications and the experimental parameters: 

● Frequency Agility: The device supports a tunable frequency range from 1.2 GHz to 6 GHz. This 

wideband capability enables the selection of the 2.4 GHz ISM band for the experiments. The 

selection of 2.4 GHz proves strategic for hardware validation, balancing propagation characteristics 

and antenna physical dimensions while residing well within the optimal linearity region of the 

device's RF mixers and amplifiers. 

● Transceiver Channels: Each USRP-2953R chassis accommodates two full-duplex RF channels. To 

realize the 6-element transmitter array outlined in the system setup, the architecture requires 

synchronization of three to six distinct USRP chassis, depending on utilization of one or both 

channels per device. The documentation alludes to a distributed "Tx-USRP Array," indicative of a 

modular configuration wherein inter-device synchronization constitutes a paramount hardware 

challenge. 

● Instantaneous Bandwidth: The hardware affords a maximum instantaneous bandwidth of 40 MHz 

per channel, with I/Q data streaming capability up to 200 MS/s internally.Nonetheless, the 

experiment restricts operations to a 20 MHz bandwidth, exploiting merely a fraction of the 

hardware's capacity. This phenomenon of "hardware over-provisioning" characterizes waveform-

centric research, wherein the principal constraint arises from the computational demands of host-

based optimization algorithms rather than the radio's throughput. 

 

 

 

Table 3: Technical Specifications of the SDR Platform (NI USRP-RIO-2953R) 
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Hardware 

Parameter 

Specification Experimental Context 

Device Model NI USRP-RIO-2953R Primary transceiver node. 

Logic Core Xilinx Kintex-7 410T FPGA Handles timing, synchronization, and I/Q 

streaming. 

Carrier 

Frequency 

1.2 GHz – 6 GHz Operated at 2.4 GHz. 

RF Channel 

Count 

2 Tx / 2 Rx per device Scaled to 6 Tx channels for the base station array. 

Max 

Bandwidth 

40 MHz / 120 MHz (model 

dependent) 

Constrained to ~20 MHz effective signal bandwidth. 

ADC/DAC 

Resolution 

14-bit / 16-bit Provides high dynamic range for radar cross-section 

measurement. 

Connectivity PCIe x4 / 1G/10G Ethernet High-bandwidth link to Host PC. 

The use of the USRP-2953R imposes specific hardware "fingerprints" on the ISAC results. The 14-bit ADC 

resolution is particularly relevant for the sensing function. In a simultaneous transmit-receive scenario, the 

"self-interference" from the transmitter can saturate the receiver. While the UCL experiment relies on spatial 

separation and digital cancellation, the high bit-depth of the USRP hardware provides a critical noise floor 
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advantage, allowing the detection of weaker radar returns (from the directional measurements) that might 

otherwise be buried in quantization noise on lesser 8-bit or 12-bit SDRs. 

Furthermore, the phase noise performance of the 2953R's local oscillators (LO) is a determining factor in the 

"fine sensing beampatterns" achieved. Since the beampattern is synthesized digitally across distinct physical 

devices, any phase drift between the LOs of the six USRPs would degrade the beamforming gain and the 

depth of the nulls used to mitigate Multi-User Interference (MUI). The success of the experiment implicitly 

validates the stability of the USRP-RIO's synchronization architecture, likely utilizing an external high-

precision clock distribution (e.g., OctoClock) to lock the chassis to a common 10 MHz reference. 

2.1.2 Antenna Configuration and Electromagnetic Topology 

The divergence between the UCL waveform-centric approach and the ISLANDS MAMP architecture is most 

evident in the antenna domain. The UCL testbed avoids the complexity of analog beamforming, employing 

instead a purely digital steering mechanism. This reliance on digital precoding requires a specific and rigid 

antenna topology consisting of standard, passive radiating elements. 

Transmitter Array Geometry: The 6-Element ULA: 

The base station emulator, referred to as the "Tx-USRP Array," is constructed as a Uniform Linear Array 

comprising six antenna elements.This geometric arrangement is critical for generating the spatial degrees of 

freedom required to simultaneously serve communication users and form sensing beams. 

● Radiating Elements: 

The array employs omnidirectional dipole antennas, characterized as compact dipoles with physical 

dimensions on the order of the wavelength at 2.4 GHz. The selection of omnidirectional elements is 

intentional, ensuring that the physical hardware exhibits no inherent directionality. Consequently, 

any directional gain or beam steering observed in the experiment arises solely from digital waveform 

optimization, thereby validating the efficacy of the algorithms employed. 

● Array Spacing: 

The dipole antennas are mounted with a center-to-center spacing of This spacing constitutes the 

theoretical optimum for minimizing grating lobes in the radiation pattern while maximizing spatial 

diversity. At the 2.4 GHz carrier frequency, this corresponds to a physical spacing of approximately 

6.25 cm. 

 

 

 

 

● Mechanical Phase Shifters: 
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 The hardware configuration incorporates Vaunix LPS-402 programmable phase shifters. The authors 

explicitly indicate that, in this experiment, these devices function solely as mechanical mounts for 

the antennas, without performing active phase shifting. This arrangement confirms operation as a 

fully digital beamformer. In contrast to hybrid architectures, the UCL setup executes all phase 

weighting in baseband software prior to the DAC, thereby imposing the full computational demands 

of beamforming on digital processors, unlike the energy-efficient analog combining provided by 

MAMP. 

Receiver Subsystem: Multi-User MIMO Configuration 

The communication receiver is configured as a multi-user multiple-input multiple-output system with a 6×2 

topology. 

● User Equipment: The setup emulates two distinct user equipment terminals. 

● Antenna Type: Each user terminal is equipped with a single omnidirectional antenna.This 

configuration replicates the characteristics of a typical handset or Internet-of-Things device, wherein 

the terminal lacks beamforming capability and relies exclusively on base station precoding to receive 

an interference-free signal. 

● Spatial Arrangement: The user terminals are positioned 1.5 meters above the floor and separated 

by a horizontal distance of 1.4 meters. This physical separation suffices to ensure uncorrelated 

channels within the multipath-rich indoor laboratory environment, thereby furnishing a rigorous 

evaluation of the multi-user interference minimization algorithms. 

 

Figure6-CU-1 and CU-2: two omnidirectional antennas to receive communication signals. 
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Sensing Subsystem: The Directional Reference 

To validate the sensing capabilities,specifically, the fidelity of the radar beampattern,the hardware setup 

incorporates a specialized radar beampattern measurement apparatus. 

● Antenna Type: In contrast to the communication links, sensing measurements employ a directional 

log-periodic printed circuit board antenna. 

● Gain Specification: The antenna exhibits a gain of 6 dBi. 

● Operational Role: This directional antenna functions as a probe. By translating the probe or steering 

the logical beam, researchers map the radiation pattern synthesized by the omnidirectional transmit 

array. The directionality of the log-periodic antenna proves essential in the indoor environment, as 

it suppresses multipath reflections from walls and clutter, thereby enabling isolation of the direct 

line-of-sight component of the sensing beam. This hardware selection underscores a limitation 

inherent to indoor integrated sensing and communication testing: absent an anechoic chamber, 

specialized directional hardware is requisite to verify the performance of the omnidirectional array's 

digital beamforming. 

 

Figure7-The Radar Beampattern Measurement Apparatus (RBMA) featuring a directional log-periodic 

antenna with radiation absorbing material. 

Table 4: Antenna Hardware Configuration Summary 
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Subsystem Antenna Type Count / Config Functionality 

Base Station 

(Tx) 

Omnidirectional 

Dipole 

6 Elements (ULA) Digital Beamforming Source is half 

wavelength spacing 

Users (Rx) Omnidirectional 

Dipole 

2 Independent 

Users 

Communication Sinks; No beamforming 

capability. 

Sensing 

Probe 

Log-Periodic (LP) 

PCB 

1 Element (6 dBi) Empirical measurement of synthesized 

beampatterns. 

2.1.3 Frequency Parameters and Waveform Numerology 

The UCL testbed operates within Frequency Range 1, employing standard 2.4 GHz ISM frequencies. This 

choice simplifies the RF hardware requirements and aligns the experiment with the WiFi-like sensing 

paradigm prevalent in contemporary literature. 

● Carrier Frequency: 2.4 GHz. This frequency resides within the S-band, providing advantageous 

propagation characteristics for indoor activity detection. 

● Sampling Rate: The digital baseband operates at 20 MS/s. This parameter represents a fundamental 

hardware constraint arising from the USRP-2953R's architecture, which supports integer decimation 

of its master clock. 

Signal Bandwidth Implications: 

Although the paper does not explicitly specify the signal bandwidth in MHz, it can be derived definitively from 

the hardware configuration. In digital signal processing for SDRs, the usable bandwidth depends on the 

sampling rate. 

● Derived Bandwidth: A sampling rate of 20 MS/s yields a Nyquist bandwidth of 20 MHz. In practice, 

filter roll-off and guard bands reduce the effective signal bandwidth slightly. Nonetheless, for 

hardware classification purposes, this constitutes a 20 MHz bandwidth system. 

● Hardware Context: This 20 MHz bandwidth corresponds to the standard channelization width for 

802.11g/n WiFi and LTE. Adherence to this specification emulates a conventional wideband channel, 
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compelling the ISAC waveform design to accommodate standard bandwidth constraints rather than 

exploiting ultra-wideband resolution advantages. 

Waveform Numerology: 

The hardware generates and transmits Orthogonal Frequency Division Multiplexing signals. The programmed 

numerology aligns with standard communication frames, underscoring the dual-functional objective: 

● FFT Size: 128 points. 

● Data Subcarriers: 12. 

● CyclicPrefix:10 samples. 

This numerology is generated on the host and streamed to the USRPs. The hardware's linearity and 

dynamic range must accommodate the high peak-to-average power ratio characteristic of OFDM, a 

requirement fulfilled by the USRP-2953R's high-performance power amplifiers and DACs. 

 

Figure8-The specific frame and resource block structure employed for the dual-functional sensing and 

communication Multi-User MIMO signal. 
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2.1.4 Host Interface and Processing Architecture 

In a waveform-centric architecture, system intelligence is centralized. The UCL testbed exemplifies the host-

based processing model, wherein the SDRs serve primarily as data converters, with computationally intensive 

tasks—such as precoding, optimization, and analysis—delegated to a general-purpose computer. 

The Data Transport Layer: 

• PCIe and Ethernet:The USRP-RIO-2953R features dual high-speed interfaces: PCI Express and 

1G/10G Ethernet. 

● PCIe x4: For systems demanding simultaneous streaming of six transmit channels plus receive 

channels at 20 MS/s, PCIe represents the standard interface in National Instruments ecosystems. It 

offers low-latency, deterministic access to the device's FPGA memory map, crucial for preserving the 

stringent synchronization necessary for distributed beamforming. 

● Ethernet: The 10G Ethernet interface supports remote deployment. Evidence indicates that while 

Ethernet is viable, PCIe is preferred for high-bandwidth, latency-sensitive hardware-in-the-loop 

configurations involving LabVIEW FPGA.4 Given the Tx-USRP Array configuration, a high-throughput 

PCIe backplane constitutes the most plausible interconnect for aggregating the six devices. 

 

Figure9-Floor plan of the indoor laboratory setup illustrating the spatial arrangement of the base station, 

users, and measurement apparatus. 
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Software Processing Environment: LabVIEW: 

The processing core resides on the host PC, which executes National Instruments LabVIEW software. 

● Workflow: The signal processing chain entails generating optimized ISAC waveforms offline or in 

near-real-time using MATLAB, subsequently transferring the data to the LabVIEW environment for 

streaming via drivers to the USRP hardware as complex I/Q samples. 

● Hardware Abstraction: This architecture abstracts the RF hardware layers, presenting the ISAC 

algorithms with a generic 6-antenna interface. Such flexibility facilitates rapid prototyping of diverse 

waveforms without hardware modifications, albeit at the cost of elevated host-to-device latency. 

Any updates to beamforming weights or sensing pulses must traverse the PCIe/Ethernet bus, thereby 

constraining the system's responsiveness to dynamic channels relative to analog or FPGA-resident 

beamformers. 

2.1.5 Conclusion: Architectural Contrast with ISLANDS D1.6 

The analysis of the UCL testbed delineates the fundamental distinctions between the waveform-centric 

approach and the ISLANDS FR1/MAMP architecture. 

The UCL configuration is characterized by digital complexity and analog simplicity. It utilizes standard, non-

directional antennas and generic SDR hardware, depending entirely on the host computer to compute 

intricate precoding matrices that impart directionality to these omnidirectional elements. This optimization 

transpires at the symbol level, necessitating substantial digital throughput and constraining efficiency as 

antenna counts increase. The 20 MHz bandwidth and 2.4 GHz carrier frequency serve merely as vessels for 

this digital computation. 

In contrast, the ISLANDS D1.6 employs analog hardware optimization. Rather than imposing directionality on 

standard antennas through digital computation, the MAMP approach leverages a specialized antenna array 

with inherent analog signal processing capabilities. By exploiting electromagnetic modes within the antenna 

matrix, MAMP achieves beamforming and spatial multiplexing in the analog domain. This enables the 

utilization of standard 5G waveforms without the computationally intensive waveform modifications 

observed in the UCL setup. Whereas the UCL hardware functions as a passive conduit for digital processing, 

the ISLANDS hardware actively contributes to the signal processing chain, promising reduced power 

consumption, lower digital latency, and enhanced scalability for future 6G ISAC networks. 

3.The Instrumentation-Based VNA Architecture (Automotive JRC Study)[24] 

This section presents a comprehensive technical review of the hardware platform utilized by Duggal et al. to 

validate Doppler-resilient automotive joint radar-communications systems. In marked contrast to the 

software-defined radio architecture employed in the ISLANDS FR1 demonstration, this implementation 
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adopts an instrumentation-based approach. It employs high-precision radio frequency test equipment—

specifically, a vector network analyzer—to emulate continuous-wave radar functionality. 

This architecture emphasizes measurement fidelity, dynamic range, and phase stability at the expense of 

real-time communication throughput. It functions as a reference system for characterizing the micro-Doppler 

signatures of extended automotive targets, which are essential for validating the theoretical models 

underlying 802.11ad-based sensing. 

3.1 Core Transceiver Platform: Keysight FieldFox VNA 

The central processing and RF engine of the testbed is the Keysight N9926A FieldFox Vector Network 

Analyzer. In contrast to the USRP B210 employed in the primary testbed, which constitutes a direct-

conversion transceiver designed for modulated data streaming, the FieldFox represents a handheld 

microwave analyzer optimized for S-parameter measurements. 

A. Operational Mode: Narrowband Transmission 

The VNA was configured to operate in narrowband mode for forward transmission measurements. 

● Measurement Principle: In this configuration, Port 1 of the VNA serves as a continuous wave source, 

while Port 2 functions as a coherent receiver. The system measures the complex transmission 

coefficient between the two ports, which, in a free-space setup, corresponds to the radar echo 

return. 

● Signal Type: The system employs a stepped-frequency or single-frequency continuous-wave signal 

rather than the wideband orthogonal frequency-division multiplexing frames utilized in the ISLANDS 

software-defined radio setup. This approach precludes simultaneous data demodulation but affords 

a precise spectral probe for Doppler analysis. 

B. Frequency Scaling Strategy 

A critical hardware distinction in this study is the frequency scaling strategy. The authors propose a 

theoretical joint radar-communications framework operating at 60 GHz. However, for the hardware 

validation phase, they implemented a scaled experimental setup in the 7.5 GHz band. 

● Experimental Carrier Frequency: 7.5 GHz. 

● Rationale for Scaling: Operation at 7.5 GHz alleviates the stringent alignment requirements of 60 GHz 

optics while preserving the micro-Doppler phenomenology. The wavelength at 7.5 GHz is sufficiently 

small to resolve limb motions of pedestrians and wheel rotation of vehicles, thereby validating the 

signal processing models prior to migration to millimeter-wave (mmWave) hardware. 

C. Sampling and Power Specifications 



 
  
 
 
  

 

Pag. 36 | 69 

 

Project: 101120544 — ISLANDS — HORIZON-MSCA-2022-DN-01 D 1.6 Intermediate report on task 1.3 

activities 

The configuration of the VNA imposes specific constraints on the observation window and range: 

● Transmit Power: Fixed at 3 dBm. This low power level suffices for short-range automotive sensing 

owing to the high sensitivity of the VNA receiver architecture. 

● Sampling Frequency: The VNA was configured to a sampling rate of 370 Hz, representing the 

maximum data acquisition speed of the N9926A in narrowband mode. 

● Aliasing Considerations: A sampling rate of 370 Hz accommodates a maximum unambiguous Doppler 

shift of ±185 Hz. At 7.5 GHz, this corresponds to a radial velocity of approximately ±3.7 m/s. Although 

adequate for walking pedestrians, this hardware limitation induces aliasing for faster targets, thereby 

requiring meticulous post-processing. 

3.2 Antenna Configuration: High-Gain Directional Horns 

To compensate for the low transmit power and to spatially isolate specific targets within a cluttered 

environment, high-gain directional antennas are employed in the hardware setup. 

A. Antenna Hardware Specifications 

The testbed incorporates two Rohde & Schwarz HF907 double-ridged waveguide horn antennas. 

● Type: Double-ridged waveguide horn. 

● Frequency Range: 800 MHz to 18 GHz, encompassing the 7.5 GHz experimental carrier frequency. 

● Gain: 10 dBi at the operating frequency. This gain focuses the RF energy into a narrow beam, serving 

as a spatial filter that rejects multipath reflections from the ground and surrounding laboratory 

structures. 

B. Quasi-Monostatic Configuration 

The antenna arrangement establishes a quasi-monostatic radar geometry: 

● Mounting: The two horns are mounted side-by-side on a rigid tripod stand. 

● Separation: The spacing between the Tx and Rx antennas is minimal relative to the target distance, 

approximating a monostatic radar channel model wherein the bistatic angle approaches zero. 

● Polarization: Both antennas utilize linear polarization and are aligned to maximize the co-polarized 

radar cross-section returns from the targets. 
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Figure10-Visual proof of the VNA + Horn Antenna tripod setup. 

3.3 Experimental Configuration and Target Geometry 

 

Figure 11-Visualizes the 8m, 10m, and 20m distances and turn geometries described in the text. 
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The hardware platform was validated against three canonical automotive targets: a pedestrian, a bicycle, and 

a car. The physical geometry of these experiments defines the operational envelope of the hardware. 

The experimental setup was configured to observe the following target trajectories: 

1. Pedestrian Scenario: A human subject (height: 1.73 m) approached the radar from an initial range of 

8 m at approximately 1 m/s. The system successfully resolved micro-Doppler signatures attributable 

to the torso, arms, and legs. 

2. Bicycle Scenario: The target (dimensions: 1.1 m × 1.8 m; wheel radius: 0.45 m) initiated motion from 

10 m toward the radar, executing a left turn at a 2 m range. This trajectory assessed the system's 

capability to capture complex radar cross-section fluctuations amid aspect angle variations. 

3. Car Scenario: A vehicle (Hyundai Grand i10; dimensions: 3.76 m × 1.66 m × 1.52 m) approached from 

20 m and executed a turn at 5 m. The system detected wheel rotation signatures, albeit with aliasing 

in the high-velocity wheel apexes due to the 370 Hz sampling rate. 

Table 5: Hardware & Configuration ParametersTarget Trajectories and Layout 

Parameter Specification Notes 

Radar Platform Keysight N9926A FieldFox VNA Vector Network Analyzer 

Measurement Mode Narrowband $S_{21}$ Transmission Coefficient 

Carrier Frequency 7.5 GHz Scaled from 60 GHz target 

Transmit Power 3 dBm Low-power probing 

Sampling Rate 370 Hz Max speed of VNA 

Antenna Model Rohde & Schwarz HF907 Double-Ridged Horn 
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Antenna Gain 10 dBi Directional Beamforming 

Antenna Configuration Quasi-Monostatic Side-by-side on tripod 

Target 1 (Pedestrian) 1.73 m Height Walking at ~1 m/s  

Target 2 (Bicycle) 1.1 m x 1.8 m (H x L) Wheel radius 0.45 m  

Target 3 (Car) Hyundai Grand i10 3.76m x 1.66m x 1.52m  

 

3.4 Critical Analysis: Contrast with ISLANDS SDR Architecture 

The VNA-based architecture exemplifies the "Precision Measurement" paradigm within the ISAC hardware 

spectrum, presenting distinct advantages and limitations relative to the SDR-based platform developed in 

Task 1.3. 

1. Dynamic Range vs. Bandwidth: 

○ VNA: Superior dynamic range facilitates the detection of subtle micro-Doppler features 

despite low transmit power. However, the effective bandwidth is negligible, precluding range 

measurement and high-speed data acquisition. 

○ ISLANDS SDR: The USRP-based setup employs a 10-20 MHz bandwidth, enabling range 

resolution and elevated data rates, albeit with inferior dynamic range relative to the VNA. 

 

 

 

2. Waveform Flexibility: 
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○ VNA: Restricted to unmodulated continuous waves or rudimentary sweeps, thereby 

incapable of validating the "Dual-Function" aspect of ISAC, as it cannot generate or 

demodulate 5G NR frames. 

○ ISLANDS SDR: Capable of producing fully standards-compliant 5G NR waveforms, thereby 

substantiating the protocol-level viability of ISAC. 

3. Integration Level: 

○ VNA: Relies on substantial rack-mount or handheld test equipment, appropriate for 

laboratory characterization but unsuitable for vehicular deployment. 

○ ISLANDS SDR: Employs compact radio modules that emulate the form factor of authentic 

vehicular On-Board Units or Road Side Units. 

4.The Network-Centric mmWave Phased Array Architecture (SEU Prototype)[25] 

This section analyzes the hardware architecture of the Integrated Sensing and Communications prototype 

developed by Yang et al. at Southeast University. Unlike the monostatic or point-to-point architectures 

reviewed previously, this platform is engineered for multi-domain cooperative networks. It integrates 

monostatic, bistatic, and networked sensing modes within a unified hardware framework. 

The system operates in the millimeter-wave band at 28 GHz, utilizing 5G New Radio waveforms. Its hardware 

design philosophy emphasizes heterogeneous integration, combining high-performance software-defined 

radios with active phased array front-ends, atomic clock synchronization, and robotic mobility platforms to 

validate complex scenarios such as radio SLAM and sensing-aided beam tracking. 

4.1 Core Transceiver Node: Heterogeneous Processing Architecture 

The digital baseband and intermediate frequency processing are handled by the National Instruments USRP-

2974. This device represents a significant evolution in SDR hardware compared to the USRP B210 used in the 

ISLANDS FR1 testbed. 
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Figure 12-The integrated mobile sensing node featuring the USRP-2974, Rubidium Atomic Clock, and 

mmWave Phased Arrays mounted on a WATER2 robot base 

A. On-Board Processing 

The USRP-2974 is a high-performance, stand-alone SDR. Unlike standard USRPs that require a constant tether 

to an external host PC for processing, the 2974 integrates an onboard Intel i7 x86 processor and a Xilinx 

Kintex-7 410T FPGA within the same chassis. 

● Architectural Implication: This integration minimizes the latency between the baseband processor 

and the radio front-end. It enables the node to perform initial signal processing locally on the device, 

which is critical for the low-latency requirements of 5G mmWave beam tracking. 
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● Bandwidth Specifications: The transceiver supports an instantaneous bandwidth of 160 MHz, 

significantly wider than the 10-20 MHz utilized in FR1 demonstrations. This wide bandwidth enables 

high-resolution ranging and high-throughput data transmission (peak rates up to 508 Mbps). 

B. Intermediate Frequency Interface 

The SDR cannot generate the 28 GHz signal directly. Instead, it operates in a heterodyne configuration: 

● IF Output: The USRP-2974 generates a modulated intermediate frequency signal at 2.5 GHz. 

● Signal Chain: This IF signal is routed via coaxial links to the external millimeter-wave radio frequency 

front-end for up-conversion. This split architecture permits the reuse of the expensive digital 

baseband hardware across different frequency bands by replacing the RF front-end module. 

4.2 mmWave RF Front-End: Active Phased Array 

A defining hardware feature of this prototype is the incorporation of the mmPSA-TR64MX phased array 

module. This component differentiates the system from the digital beamforming approach of the UCL 

demonstration and the parasitic/analog approach of the ISLANDS MAMP demonstration. 

A. Array Topology and Beamforming 

● Antenna Structure: The module features a uniform planar array consisting of 8×8 elements. 

● RF Chain Configuration: Despite comprising 64 elements, the system utilizes a single RF chain. This 

configuration employs an analog beamforming architecture, wherein phase shifters are applied in 

the RF domain before the signal is combined into the single transceiver port. 

● Beam Steering Capability: The hardware supports two-dimensional dynamic beam scanning over a 

range of ±60° in both horizontal and vertical planes. It can synthesize up to 4,096 distinct beam states, 

providing the high-resolution spatial filtering necessary for precise angle-of-arrival and angle-of-

departure estimation. 

B. Built-in Frequency Conversion 

The mmPSA-TR64MX constitutes more than a mere antenna; it functions as an active RF front-end. 

● Local Oscillator: The module incorporates a built-in local oscillator that performs the frequency 

mixing to up-convert the 2.5 GHz IF signal from the USRP to the 28 GHz carrier frequency. 

● Synchronization: Phase coherence between the SDR and the mmWave front-end is ensured by 

referencing the LO to a common clock source distributed throughout the node. 
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4.3 Precision Synchronization and Mobility Hardware 

To validate network sensing and bistatic sensing, the hardware must maintain stringent time and frequency 

synchronization. 

A. Rubidium Atomic Clock 

Standard crystal oscillators exhibit significant drift over time, which introduces range errors in bistatic radar. 

To mitigate this, each node in the SEU prototype is equipped with a rubidium atomic clock. 

● Function: This provides a highly stable 10 MHz reference signal and pulse-per-second trigger. 

● Indoor GPS Disciplining: The atomic clock enables the nodes to maintain nanosecond-level 

synchronization accuracy even in indoor environments where Global Positioning System signals are 

weak or intermittent. This hardware component is essential for calculating the time of flight between 

the base station and user equipment. 

B. Robotic Mobility Platform 

To automate the collection of large datasets for SLAM algorithms, the UE hardware is mounted on a WATER2 

robot base. 

● Capabilities: The robot is programmable to follow predefined trajectories with precise velocity and 

orientation control. 

● Ground Truth Generation: The robot provides high-fidelity odometry data, which serves as ground 

truth for validating the radio-based localization algorithms. 

C. Multimodal Sensor Suite 

The hardware platform implements multimodal fusion by integrating non-RF sensors physically onto the 

radio node: 

● Stereo Camera: An Intel RealSense D455 is mounted on the UE. It captures RGB and depth images at 

15-60 Hz. 

● IMU: An inertial measurement unit is embedded in the robot base, providing acceleration and 

angular rate data at 1 Hz. This hardware fusion enables the system to compensate for the limitations 

of radio sensing by cross-referencing optical and inertial data. 

4.4 Physical Layer and Waveform Configuration 

The hardware is tuned to support a standard-compliant 5G NR Frequency Range 2 (FR2) numerology.  
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Table 6: Hardware & PHY Configuration (SEU Prototype)The system employs the Synchronization Signal 

Block for beam management and sensing. The base station broadcasts 64 SSBs within the initial 4 ms of 

each frame. The hardware measures the Reference Signal Received Power for each beam, thereby 

generating a "radio image" of the environment. 

 

 

Parameter Specification Hardware Rationale 

Carrier 

Frequency 

28 GHz 5G FR2 Band (mmWave) 

System 

Bandwidth 

~160 MHz (Hardware) / 95 MHz 

(Effective) 

constrained by USRP-2974 capabilities 

Subcarrier 

Spacing 

120 kHz Standard FR2 Numerology 

Sampling Rate 122.88 MS/s Aligned with 5G frame structure 

FFT Size 1024  

Antenna Array 8x8 UPA (64 Elements) High-gain beamforming to overcome 

path loss 

Frame Duration 20 ms 20 subframes per frame 

Host Compute NVIDIA RTX 4070 Ti + Intel i7-13700F Offline processing for Heavy SLAM 

algorithms 
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Figure13- Visualizes the 5G NR frame structure and SSB allocation. 

4.5 Operational Modes and Validation 

The flexibility of the hardware enables the validation of three distinct sensing topologies on the same 

platform: 

1. Monostatic Sensing Mode: The node employs two separate arrays mounted on the same robotic 

platform to detect its own echoes for mapping purposes. 

2. Bistatic Sensing Mode: The base station transmits signals, which are received by the robot. Atomic 

clocks synchronize the separate nodes to enable Time-Difference-of-Arrival measurements. 

3. Network Sensing Mode: Multiple user equipment cooperate by sharing their sensing data with the 

base station. The high-throughput backhaul of the USRP-2974 facilitates the aggregation of this data. 
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Figure14- Visualizes the geometry of the three sensing modes. 

4.6 Architectural Contrast with ISLANDS D1.6 

The SEU prototype embodies the "High-Performance / High-Frequency" extremity of the ISAC hardware 

spectrum. 

● Frequency: It operates at 28 GHz, whereas the ISLANDS hardware operates at 2.4 GHz. This enables 

the SEU system to employ physically compact antenna arrays with high gain; however, it is 

susceptible to severe path loss and blockage, thereby necessitating complex phased array hardware. 

● Beamforming: The SEU system employs active analog phased arrays incorporating internal phase 

shifters, whereas the ISLANDS MAMP system utilizes passive parasitic steering. The MAMP approach 

offers substantially lower cost and power consumption, obviating the need for 64 active phase 

shifters or the intricate calibration associated with phased arrays. 

● Complexity: The SEU node constitutes a high-mass, power-intensive system, rendering it suitable for 

robotic or vehicular applications but unsuitable for handheld devices. 
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5.WUP Contribution 

5.1Summary 

This study presents the initial steps toward realizing a metasurface-based beam-steering antenna controlled 

by a single reconfigurability parameter. A sinusoidally modulated reactance surface (SMRS) leaky-wave 

antenna operating at 5.9 GHz was designed, and its simulated performance showed strong agreement with 

theory, producing a main beam at 30° with a realized gain of 17.5 dBi. To investigate the impact of superstrate 

loading, a Preperm 350 dielectric layer with a 1 mm air gap was added above the corrugated structure, 

shifting the beam direction to 43° and slightly increasing the gain to 18.5 dBi. These results establish a 

foundation for the next phase of work, in which a varactor-loaded metasurface will be implemented to 

enable fully electronic beam steering using a single control parameter. 

5.2Introduction 
This report contributes to Task 1.3 on developing novel antenna systems for vehicular ISAC (Integrated 

Sensing and Communication). Beam steering is an essential capability in modern wireless and vehicular 

communication systems, where directional radiation, high link reliability, and adaptability to dynamic 

environments are required. In the context of ISAC, the antenna hardware must support both communication 

and sensing, which places additional constraints on its design. Current antenna arrays used in base stations 

are primarily optimized for communication performance, and many associated signal-processing 

techniques—such as frequency and phase compensation, self-interference cancellation, and front-end 

filtering—can unintentionally remove information needed for monostatic sensing. This highlights a key 

research gap: existing communication-oriented antenna architectures are not inherently suitable for ISAC 

operation and therefore require redesign to support joint sensing and communication functions. 

To address this challenge, this report presents the initial steps toward realizing a beam-steering metasurface-

based vehicular antenna controlled through a single reconfigurability parameter. The work begins with an 

overview of beam-steering concepts and a classification of relevant antenna technologies. As a first design 

step, a Sinusoidally Modulated Reactance Surface (SMRS)-based leaky-wave antenna operating at 5.9 GHz is 

developed, targeting V2X communication frequencies. A dielectric superstrate is then added above the 

structure to examine its influence on beam direction and radiation properties. These preliminary results form 

the foundation for future development of a varactor-loaded metasurface that will enable electronic beam 

steering using a single tuning parameter, ultimately supporting the hardware requirements of vehicular ISAC 

systems. 

 

5.3Beam Steering: Fundamentals and classifications 

Beam steering is a critical capability in modern wireless communication systems, where directional control 

of radiation enhances link reliability, spectral efficiency, and interference management. In V2X environments, 

vehicles operate in highly dynamic and cluttered scenarios; thus, steerable beams help maintain stable 
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communication links, extend coverage, and improve resistance to multipath fading and blockage. In ISAC 

systems, which integrate communication and sensing within the same hardware, beam steering becomes 

even more essential, enabling precise target detection, localization, and high-resolution sensing while 

simultaneously supporting data transmission. By directing energy toward intended users or sensing regions, 

beam-steering antennas significantly improve system performance, reduce power consumption, and support 

the scalability required for next-generation intelligent transportation and wireless networks. 

 The general classification for the beam steering antennas is: 

(a) Phased array antennas 

(b) Quasi-Optic Systems 

(c) Leaky wave antennas (LWAs) 

(d) Metasurface based antennas 

Among these, traditional beam-steering solutions—such as phased arrays and mechanically reconfigurable 

antennas—tend to be bulky, expensive, or power-intensive [1], making them unsuitable for low-profile 

vehicular platforms.  

5.4 Conventional Beam- Steering Technologies 

5.4.1 Phased Arrays 

Phased array antennas are one of the most straightforward methods for achieving beam forming. Their 

operation is analogous to the N-slit diffraction phenomenon, where the overall radiated beam results from 

the constructive interference of signals emitted by multiple antenna elements. Each element in the array is 

fed through a phase shifter that introduces a controlled time delay, and by adjusting these delays, the 

direction of the main beam can be steered electronically. Stacked array antennas [2] provide highly 

directional radiation patterns; however, they offer limited reconfigurability. While incorporating individual 

phase shifters and circuit-based feed networks enables dynamic beam control, phased arrays generally suffer 

from several drawbacks, including large physical size, high manufacturing complexity, and significant power 

consumption.  

5.4.2. Quasi-Optical Beamformers 

In quasi-optical beamforming systems, lens-like or prism-like structures are employed to bend 

electromagnetic waves and thereby control the direction of the radiated beam. Rotman lenses[5] and 

Luneburg lenses [6] are two widely used examples of such systems. A Rotman lens can serve as a feed 

network for phased array antennas, enabling the simultaneous generation of multiple beams without relying 

on active components. A conventional Luneburg lens, typically spherical in shape, provides multiple focal 

points due to its graded permittivity profile—ranging from two at the center to one at the outer surface. 

While Rotman and Luneburg lenses offer wide-angle beam scanning capabilities, they also exhibit significant 

limitations. Rotman lenses tend to be bulky, and Luneburg lenses, because of their three-dimensional 

geometry, are generally unsuitable for integration with planar antenna structures. 
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5.4.3 Mechanically Steered Antenna Systems 

Mechanically steered antenna systems achieve beam control through physical movement of optical or 

electromagnetic structures. A well-known example is the use of identical Risley prisms [7], where beam 

steering is accomplished by rotating the prisms, causing the radiated beam to deflect in different directions 

across a two-dimensional plane. Although this technique enables full 2D beam steering, it relies on 

continuous mechanical rotation, making the system prone to wear and tear, slower response times, and 

increased bulk. These limitations restrict the applicability of mechanically steered antennas in compact and 

rapidly reconfigurable communication systems. 

5.5 Leaky-Wave Antennas (LWAs) 
A leaky-wave antenna (LWA) employs a guiding structure that supports wave propagation along its length, 

during which a portion of the guided energy continuously radiates—or “leaks”—into free space. This 

controlled leakage enables the formation of directive beams and beam scanning capabilities. For example, 

periodically modulated microstrip lines can convert non-radiating guided waves into leaky, radiating waves 

[3]. 

One-dimensional LWAs are commonly classified into three categories: 

(a) Uniform LWAs 

(b) Periodic LWAs 

(c) Quasi-Uniform LWAs 

Uniform LWAs [8] support only forward scanning, as the propagation constant remains within a range that 

restricts radiation to a single direction. Periodic LWAs [9], on the other hand, introduce spatial harmonics 

through periodic modulation, enabling continuous beam scanning from backward to forward directions. 

Sinusoidally modulated reactance surfaces (SMRS) fall under this class and are well known for their high 

directivity and inherent frequency-dependent scanning characteristics. Quasi-uniform LWAs [10] exhibit 

operational behavior similar to uniform LWAs but incorporate a periodic guiding structure. Despite the 

presence of periodicity, the small period—typically much smaller than the wavelength—does not directly 

contribute to the radiation mechanism [11]. Instead, these structures maintain nearly uniform propagation 

characteristics while providing design flexibility for dispersion and leakage control. 

5.6. Metasurface-Based Beam Steering Antennas 
Metasurface-based antennas constitute a highly versatile platform for enabling beam steering in modern 

wireless systems [1]. Metasurfaces are electrically thin, two-dimensional arrays of engineered 

subwavelength elements designed to manipulate electromagnetic waves by controlling their amplitude, 

phase, and polarization. Various tuning mechanisms have been explored to realize reconfigurable 

metasurfaces, including mechanical actuation [12], electronic tuning via varactors [3], PIN diodes [13], and 

field-effect transistors (FETs) [14], as well as reconfiguration through microfluidic channels [15] or functional 

materials such as ferroelectrics [16] and liquid crystals [17]. Among these approaches, electronically tunable 

metasurfaces—particularly those employing varactors—are especially attractive due to their ability to 
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provide real-time, continuous phase control without relying on mechanical movement [14]. Significant 

advancements in this field have demonstrated capabilities such as dynamic beam steering, multi-beam 

generation, beam shaping, anomalous reflection, and polarization control.  

Tuning Method Speed Complexity Power consumption Range 

Varactor-based Fast Medium Low Continuous 

PIN diode Fast Medium Moderate Discrete 

Mechanical Slow High Low Continuous 

Ferroelectrics Fast Medium Low Continuous 

Table 7. Comparison of different tuning methods used in reconfigurable metasurface. 

5.6.1.Varactor – Based Metasurface 

A varactor diode is a semiconductor p–n junction device that provides a variable junction capacitance 

controlled by an applied bias voltage. When incorporated into an antenna or metasurface unit cell, the 

varactor enables tunable capacitance, thereby allowing real-time phase adjustment of the radiating element. 

Varactor diodes offer continuous phase tuning, require relatively simple biasing networks, and are 

particularly suitable for single-parameter control in reconfigurable antenna systems. A frequency-scannable 

multifunctional metasurface based on varactor tuning is presented in [18], where two sets of varactors are 

embedded within each unit cell to achieve dynamic phase control. A varactor-loaded split-ring resonator 

metasurface operating in the FR2 band for 5G applications is reported in [19]. In [20], a design strategy for 

IRS (Intelligent Reflective Surface)-type metasurface unit cells is proposed, relying on varactor-based 

capacitance modulation for real-time reconfigurability. Capacitive loading of hollow patch structures with 

varactor diodes is examined in [26], demonstrating the feasibility of compact electronically tunable surfaces. 

Varactor-based metasurfaces benefit from fast tuning speed, low-to-moderate power consumption, and 

smooth phase variation, making them attractive for adaptive beamforming. Recent developments highlight 

capabilities such as dynamic beam steering, multi-beam generation, beam shaping, anomalous reflection, 

and polarization manipulation. Due to their planar geometry and compatibility with standard fabrication 

processes, such varactor-tunable metasurfaces are highly suitable for integration with SMRS-based leaky-

wave antennas. 

Building on these concepts, the present work focuses on designing and analyzing an SMRS-based leaky-wave 

antenna operating at 5.9 GHz. Although full electronic beam steering using a varactor-loaded metasurface 
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has not yet been achieved, a dielectric superstrate has been placed above the LWA to examine its influence 

on beam direction and radiation characteristics. This report presents a preliminary step toward integrating 

an actively tunable metasurface in future stages of the project. 

5.7 Description of activities and results  

5.7.1.Theory and Design of Sinusoidally modulated Leaky Wave Antenna 

A planar sinusoidally modulated corrugated surface with a finite tooth width T and groove depth d is designed 

to operate at 5.9 GHz (see Figure.15). Based on leaky-wave antenna theory, a guided surface wave can be 

converted into radiated power by periodically modulating the surface reactance of the structure. In this work, 

the leaky-wave behavior is realized by imposing a sinusoidal modulation on the surface reactance, defined 

as: 

                                                         (1) 

Where 𝑋𝑠 is the mean surface reactance, M< 1 is the modulation index, and p is the modulation period.  

 

Figure 15 A planar corrugated structure with finite tooth width T and groove depth d. 

The radiation is mainly produced by the first spatial harmonic (n = -1), and the corresponding main beam 

angle is: 

                                                                   (2) 

Where 𝑘0is the free-space wavenumber and 𝛽𝑢 is the phase constant of the unmodulated surface, 𝑋𝑠. For 
this design, the modulation period is chosen as p= 52 mm, which is greater than half the operating 
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wavelength, ensuring support for leaky modes. The desired radiation angle is 𝜃𝑟= 30°. From Equation 2, the 
unmodulated phase constant is calculated as 𝛽𝑢= 1.5168 𝑘0. Substituting this value into the surface reactance 
expression with a modulation index,  M = 0.2, the average surface reactance is obtained as 𝑋𝑠= 1.139 𝑍0, 
where 𝑍0 is the free-space impedance. The groove depth of the unmodulated corrugated surface is 
determined using the equivalent input impedance of a corrugated structure, expressed [18]: 

                                                                                             (3) 

where G is the slot width between adjacent corrugations and d is the groove depth. Equation 3 shows that a 

non-uniform reactance distribution can be realized either by varying G or by loading the grooves with 

dielectric material. In this work, the sinusoidally modulated reactance surface (SMRS) is achieved by varying 

the groove depth d along the x- direction, thereby steering the radiation beam to 30⁰.  

To obtain this profile, the impedance distribution defined by Equation 1, is sampled at 26 equidistant 

positions along one modulation period, i.e., 𝑥𝑛=(𝑝/26)𝑛, 𝑛 = 0: 1: 26. The calculated impedance values are 

subsequently mapped to the corresponding groove depths using the Equation 3, as shown in Figure.16. 

Furthermore, Figure. 17 illustrates the longitudinal variation of groove depths (in mm) along x- axis, 

confirming the obtained sinusoidally modulated reactance profile across the corrugated surface.  

 

Figure 16 Surface reactance variation vs. groove depth, d. 
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Figure 17 Groove depth variation vs. longitudinal distance (along x-direction). 

5.8. Performance Analysis 

5.8.1.Sinusoidally Modulated Reactance Surface based LWA 

The electromagnetic (EM) performance of the proposed LWA is analyzed using full-wave simulations in CST- 

Microwave Studio, with the simulation model shown in Figure. 18. The antenna consists of ten-unit cells, 

each corresponding to one sinusoidal period of length 52mm. The optimized parameters of the final structure 

are summarized in Table 8.  

To excite the corrugated surface, two open TEM waveguides are placed at both ends of the structure, where 

wave-ports are assigned. An unmodulated corrugated waveguide section of length 𝐿𝑊𝐺and groove depth 

ℎ𝑊𝐺  (calculated using the Equation. 3) is inserted between the TEM waveguides and the modulated structure 

to ensure smooth excitation and transition. The simulation boundary conditions are defined as follows: 

Perfect Magnetic Conductor (PMC) walls along the transverse direction, a Perfect Electric Conductor (PEC) at 

the bottom of the corrugated surface, and an open radiation boundary at the top.  
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(a) 

 

(b) 

Figure 18 (a) Perspective view (b) Enlarged view of the proposed SMRS based LWA in CST Microwave studio 

environment. 

Table 8. Structural parameters of the proposed LWA 

Structural parameters Value (mm) 

ℎ𝑊𝐺  8 

𝐿𝑊𝐺  14 

𝐿𝑃𝑃𝑊 41 

p 52 
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The obtained radiation characteristics, along with the reflection (𝑆11) and transmission (𝑆21) coefficients at 

5.9GHz, respectively are shown in Figure 19 and Figure 20.  Both 𝑆11and 𝑆21remain below -10dB in the 

frequency range 5.85-6.0 GHz, which confirms efficient radiation into free space. Furthermore, the main 

radiation lobe is directed at 30⁰, in agreement with the theoretical prediction, and achieves a realized gain 

of 17.5 dBi with side lobe level of -12dB.  

 

Figure 19 Realized gain vs radiation angle of the designed SMRS-based LWA at 5.9GHz. 
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Figure 20 Simulated reflection -transmission coefficients of the designed SMRS- based LWA. 

5.8.2Initial Study toward metasurface based beam steering 

Following the design of the LWA operating at 5.9 GHz, the next stage focuses on achieving electronic beam 

steering by incorporating an active tuning component, specifically a varactor diode. As an initial step toward 

this goal, a dielectric superstrate (Preperm PPE350, εᵣ = 3.5, tan δ = 0.0026) with a thickness of 0.5 mm is 

positioned above the SMRS-based LWA, separated by a 1 mm air gap. This configuration serves as a 

preliminary model for evaluating how an additional layer above the corrugated surface influences radiation 

characteristics. The CST Microwave Studio simulation setup for the LWA with the dielectric layer is shown in 

Figure 21. As evident from the simulation results in Figure 22, the radiation beam is steered to an angle of 

43°, accompanied by an increased realized gain of 18.5 dBi. 

 

Figure 21 Simulated model of the SMRS-based LWA with dielectric superstrate. 
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Figure 22 Realized gain vs. radiation angle for the LWA with an added dielectric layer at 5.9 GHz. 

5.9.Conclusions 

A preliminary step toward the development of a metasurface-based beam-steering antenna using a single 

reconfigurability parameter has been presented in this report. The study began by outlining the fundamental 

concepts of beam steering and providing a classification of existing beam-steering techniques, establishing 

the motivation for the proposed approach. A sinusoidally modulated reactance surface (SMRS) leaky-wave 

antenna operating at 5.9 GHz was then designed, and simulation results showed good agreement with 

theoretical predictions, demonstrating a main beam at 30° with a realized gain of 17.5 dBi. In the next stage, 

a dielectric superstrate (Preperm 350) was placed above the corrugated structure with a 1 mm air gap, 

resulting in the main beam shifting to 43° and a slight gain improvement to 18.5 dBi. As a future extension of 

this work, a varactor-loaded metasurface will be implemented above the dielectric layer to achieve 

electronically reconfigurable beam steering using a single tuning parameter. 
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6.NOK Contribution 

6.1Summary 

This study investigates the potential of Non-line-of-Sight (NLOS) ISAC. Using a millimeter (mmWave) ISAC 

proof of concept (PoC) based on commercially available 5G New Radio (NR) components, we conducted 

measurement campaigns in the ARENA2036 industrial research campus [27]. To detect the presence of 

targets in NLOS areas, we use a Kalman Filter (KF)-based tracking approach as well as suitable techniques for 

data association and track initiation. Our results indicate that ISAC systems can be deployed for the 

surveillance of NLOS areas, paving the way for potential applications like intrusion detection or around-the-

corner detection of vehicles at street crossings.  

6.2Introduction 

The typical assumption for most ISAC use cases is that targets are in line-of-sight (LOS) from transmitter (TX) 

and receiver (RX). However, radio signals may reach targets only indirectly via (multiple) reflections, e. g., off 

walls or buildings. Even though this would allow us to acquire some information about the targets, NLOS 

sensing in ISAC is still a rather unexplored area of research. The main opportunity offered by NLOS sensing is 

the ability to enable use cases that are not possible with fixed camera or LiDAR systems, like “around-the-

corner” detection. This feature would be particularly useful in applications such as safe urban mobility and 

surveillance systems for intrusion detection, where it is necessary to detect targets moving behind obstacles. 
Our previous results indicate that the surveillance of NLOS areas is possible, paving the way for potential 

applications like intrusion detection or around-the-corner detection of vehicles at street crossings [27]. 

6.3 ISAC PoC System 

Our ISAC PoC setup operates in Frequency Range (FR) 2 at a carrier frequency of 27.6 GHz. It comprises two 

commercially available 5G radio units (RUs), which are synchronized via PTP and SyncE. One RU serves as the 

TX sending 5G-compliant OFDM radio signals, the other one acts as the sensing RX by sniffing reflections from 

the environment. Even though our system consists of two physically separated RUs, we can treat it as a 

monostatic setup due to the proximity of the two radios. The system follows option 7-2 of the possible 5G 

splits [28]. Option 7-2 splits the network at the physical layer (PHY), which handles the conversion of digital 

data to the analogue radio signal in downlink (DL), while doing the opposite in uplink (UL). This split defines 

the FFT/iFFT performed in the RU, while the frequency domain IQ is transported on the fronthaul. The SPU 

receives the complex IQ signal, after FFT and removal of the CP, as input for further sensing processing on a 

per-radio frame basis.  Fig. 1 shows a picture of the PoC setup in the ARENA 2036.  

In the live version, signal processing including steps like channel computation and OFDM radar processing is 

performed at a central Sensing Processing Unit (SPU) . Moreover, the setup allows to record measurements 

and store them offline for further investigations. This allows us to develop and test our approaches for 

NLOS detection with recorded measurements. 
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Table 9: Hardware & PHY Configuration (ARENA 2036 Prototype, Stuttgart)  

 

 

 

 

Parameter Specification Additional Details 

Carrier 

Frequency 

27.6 GHz 5G FR2 Band (mmWave) 

System 

Bandwidth 

~400 MHz (Hardware) /  

190 MHz (Operated) 

 

Subcarrier 

Spacing 

120 kHz 3GPP Standard FR2 Numerology 𝜇 = 3 

Antenna Array 12 x 8 URA, 𝜆/2 spacing  

Beamforming Analog beamforming, 14° beamwidth  

Operating Mode TDD (gNB) 

Uplink (Sniffer) 

 

Frame Duration 10 ms  

Host Compute Commercial hardware 

CUDA-capable GPU 

Offline processing for prototyping and advanced 

signal processing algorithms 
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Figure 23. Picture of the ISAC PoC in the ARENA2036. The TX RU is at the top, the sniffer RU at the bottom.  

6.4 Measurement Hardware 

● Antenna arrays integrated with the 5G RUs for beamforming (communication-grade mmWave 

phased arrays). 

These antennas are part of the 5G RUs and used for both communication and sensing. 

● In the human tracking PoC demonstration: 

○ The central frequency was ≈27.6 GHz with 200 MHz bandwidth.  

○ The horizontal beamwidth used was ~14°, implying a directional phased array typical of 

mmWave cellular (likely a planar array with beamforming).  

 Antenna type:Phased array / beamforming antenna (mmWave, integrated into the 5G RRH/RU) 

 RF front-end:The front-end is the integrated RF chain of the 5G mmWave hardware, including power 

amplifiers, LNAs, up/down converters, and beamforming networks , all commercial cellular components. 

 There is no separate radar hardware , the sensing function uses the same 5G radio front-end and waveform 

(OFDM), leveraging OFDM reference signals to process reflections for radar sensing. 
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 Computing Platform & Back-End Processing: 

 The PoC divides processing into: 

1. Distributed Unit / Central Unit (DU/CU): 

○ Standard 5G baseband processing for communication. 

2. Sensing Processing Unit (SPU): 

○ A server equipped with a CUDA-capable GPU for real-time OFDM radar processing and 

visualization.  

○ This handles: 

■ OFDM radar processing 

■ FFT/iFFT operations 

■ Clutter removal, range-Doppler estimation 

■ Kalman Filtering for tracking 

3. Fronthaul & Control Connectivity: 

○ Standard ethernet/IP links used between DU, RUs, and SPU (eCPRI over 25 GE, common in 

modern cellular testbeds). 

Table 10.Summary: Extracted Hardware Information 

Category Component / Detail Notes 

Radio platform Commercial 5G mmWave 
hardware (FR2) 

Exact model not specified, from 
Nokia Bell Labs PoC setup 

Antenna Directional mmWave phased 
array (integrated into RUs) 

~14° beam used at ~27.6 GHz  

RF front-end Integrated transceivers and 
beamforming from 5G radio units 

Shared for both comms and 
sensing 

Sensing hardware None separate — uses OFDM 
radar processing on 
communication hardware 

Reflections captured via same RF 
chain 

Computing DU/CU 5G baseband + SPU with 
CUDA GPU 

SPU for real-time OFDM radar 
processing  

Data Links eCPRI over fiber (25 GE) For RU/CU/DU/SPU 
synchronization and data flow 
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7.UCL Contribution 

7.1 Summary 
For the over-the-air (OTA) ISAC experiments and demonstrations in study [31], we employed a flexible 

software-defined radio–based testbed operating in the 2.4 GHz ISM band. The setup is designed to support 

ISAC using a common OFDM waveform. In the demonstrated scenario, the communication user receiver is 

located nearby in a line-of-sight (LoS) condition relative to the ISAC transmitter. The sensing target is a highly 

reflective building façade located at an approximate distance of 130 m from the ISAC node. The setup is 

shown in figures 24. 

 

Figure 24. Setup of outdoors experimental validation 

7.2 Hardware Setup 
The main RF platform is the ADALM-PLUTO SDR, which is based on the Analog Devices AD9363 RF transceiver. 

The AD9363 integrates a complete RF front-end, including an internal transmit power amplifier (PA), receive 

low-noise amplifier (LNA), mixers, filters, and 12-bit ADC/DACs. 

Table 11: Specification of AD9363 (PLUTO) device and key values. 

Key Specification Value 

Centre frequency 325-3800 MHz 

Bandwidth 20 MHz (max) 

TX power 7 dBm (max) 

RX noise figure < 3.5 dB 

ADC/DAC sampling rate 65.2 kSPS to 61.44 MSPS 

ADC/DAC resolution 12 bits 
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In the implemented OTA setup, however, the transmit and receive paths are physically separated, meaning 

that the TX antenna is exclusively used for transmission, and the RX antenna is exclusively used for reception. 

No antenna sharing, circulator, or RF self-interference cancellation is employed. This configuration ensures 

clean isolation between transmission and reception and simplifies the interpretation of sensing echoes. 

Directional antennas with approximately 12 dBi gain are employed at the ISAC node for both transmission 

and reception. The antennas exhibit distinct horizontal and vertical polarization radiation patterns, as shown 

in table 12. 

Table 12. Antenna beampattern of the 2.4 GHz directional antenna. The horizontal polarization is shown in 

black and the vertical polarization in red. The table summarizes the main experimental validation parameters. 

Key Specification Value 

Centre frequency 2.4 GHz 

Bandwidth 20 MHz (max) 

Sampling rate 60 MHz 

# of subcarriers 256 

CP length 1.6 us 

Symbol duration 14.4 us 

# of symbols 14.4 us 

Frame length 7.37 ms 

 

Each antenna is connected to a dedicated RF port of a PLUTO SDR via SMA connectors. Separate PLUTO 

devices are used for the ISAC transmitter and receiver chains, while an additional PLUTO SDR acts as the 

communication user receiver. All SDRs are interfaced to host computers via USB. 

To increase the effective radiated power and sensing range beyond what is achievable with the internal 

PLUTO PA alone, an external RF power amplifier is inserted in the ISAC transmit chain. Specifically, the Analog 

Devices EVAL-CN0417-EBZ reference design is used, which is a USB-powered 2.4 GHz RF power amplifier 

based on the ADL5606 driver amplifier. The amplifier provides a typical gain of approximately 20 dB over the 
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2.4 GHz band and integrates input/output matching networks, a band-pass filter centred at 2.45 GHz, and 

automatic over-temperature protection. The amplifier is placed between the PLUTO TX output and the 

transmit antenna of the ISAC node via 50 Ω SMA connections. 

All experiments are conducted at a centre frequency of 2.4 GHz with a signal bandwidth of 20 MHz. An OFDM-

based ISAC waveform is used, with 256 subcarriers and a sampling rate of 60 MHz. Each frame contains 512 

OFDM symbols with a cyclic prefix length of 1.6 µs and a total symbol duration of 14.4 µs, resulting in a frame 

length of approximately 7.37 ms. 

The OFDM-ISAC waveforms are generated in software using MATLAB. A custom MATLAB signal processing 

framework is used to generate the baseband OFDM signal, including subcarrier mapping, modulation, cyclic 

prefix insertion, and frame assembly. All waveform parameters (e.g., bandwidth, number of subcarriers, and 

frame structure) are fully configurable in software. 

Transmission and reception with the ADALM-PLUTO devices are handled through the MATLAB 

Communications Toolbox Support Package for ADALM-PLUTO Radio, which provides a PLUTO-specific 

hardware interface. This library enables direct streaming of complex baseband IQ samples from MATLAB to 

the SDR for transmission, as well as real-time acquisition of received IQ samples from the SDR back into 

MATLAB. 

The transmitted OFDM-ISAC signal is simultaneously received by the communication user for data decoding 

and by the ISAC receiver for sensing processing. MATLAB processing is used to extract communication 

performance metrics and radar sensing information from the received waveform, thereby demonstrating 

true joint communication and sensing operation. 

8. Summary and Conclusion 

8.1 Executive Summary 
This deliverable, D1.6, reports on the intermediate activities of Task 1.3 up to Month 24, documenting the 

development, implementation, and validation of Integrated Sensing and Communications (ISAC) hardware 

architectures. The report synthesizes a comprehensive critical review of state-of-the-art architectures with 

concrete hardware developments and experimental proofs of concept (PoC) delivered by the consortium 

partners. 

8.2 State-of-the-Art Hardware Review (ACG Contribution) 
ACG contributed a forensic literature review, contrasting three distinct "State-of-the-Art" hardware 

paradigms to establish a comparative baseline for the ISLANDS project: 
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• Waveform-Centric Architecture (UCL Previous Demo): The review analyzed a purely digital 

beamforming setup utilizing USRP-RIO devices and omnidirectional antennas. While flexible, this 

approach was noted for high computational latency and power consumption due to its reliance on 

host-based symbol-level processing, contrasting with the energy-efficient analog goals of the 

ISLANDS architecture. 

• Instrumentation-Based Architecture (Automotive Study): ACG examined a VNA-based setup 

(Keysight FieldFox) employed for "precision measurement" in automotive Doppler sensing. The 

analysis concluded that while this architecture offers superior dynamic range, it lacks the necessary 

communication throughput and form factor for real-world vehicular deployment. 

• Network-Centric mmWave Architecture (SEU Prototype): The review assessed a high-performance 

28 GHz active phased array system integrated with mobile robots. This "high-frequency/high-

complexity" approach demonstrated advanced network sensing capabilities but highlighted the 

significant cost and power penalties associated with massive active arrays compared to passive 

steering solutions. 

8.3 Hardware Developments and Experimental Validation 
The consortium partners successfully implemented and validated specific ISAC hardware components and 

system-level testbeds: 

• Metasurface Antenna Design (WUP): WUP developed a Sinusoidally Modulated Reactance Surface 

(SMRS) Leaky-Wave Antenna (LWA) operating at 5.9 GHz. Full-wave simulations confirmed the 

design achieves a main beam direction of 30° with a realized gain of 17.5 dBi. Furthermore, the 

addition of a dielectric superstrate was shown to shift the beam to 43° and increase the gain to 18.5 

dBi, demonstrating the potential for beam control via material loading. 

• Non-Line-of-Sight Industrial Sensing (NOK): NOK implemented a system-level PoC in the ARENA2036 

industrial campus using commercial 5G mmWave Radio Units at 27.6 GHz. Utilizing a 200 MHz 

bandwidth and analog beamforming, the system validated Non-Line-of-Sight (NLOS) sensing 

capabilities. By applying Kalman Filter-based tracking to reflected signals, the setup successfully 

detected targets moving behind obstacles, verifying the feasibility of ISAC for safety-critical industrial 

surveillance. 

• Over-the-Air SDR Testbed (UCL): UCL established a flexible Over-the-Air (OTA) testbed utilizing 

ADALM-PLUTO SDRs operating in the 2.4 GHz band. The setup employed a 20 MHz bandwidth OFDM 

waveform to execute joint communication and sensing. Through a configuration with physically 

separated transmit and receive chains and directional antennas, the testbed successfully validated 
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the simultaneous maintenance of a communication link and the detection of static environmental 

targets. 

The following table summarizes the key technical specifications of the developed hardware platforms: 

Table 13: Comparison of ISLANDS Hardware Demonstrators 

Feature WUP Contribution NOK Contribution UCL Contribution 

Primary Focus Antenna Component Design 
(Metasurface LWA) 

System-Level Validation 
(NLOS Industrial Sensing) 

OTA Waveform 
Validation (SDR Testbed) 

Frequency 
Band 

5.9 GHz (C-Band / V2X) 27.6 GHz (FR2 / mmWave) 2.4 GHz (FR1 / ISM) 

Bandwidth N/A (Antenna Design) 200 MHz (Operated) 20 MHz 

Waveform Continuous Wave 
(Simulated) 

5G NR OFDM 
(Numerology μ = 3) 

Custom OFDM (ISAC) 

Hardware 
Platform 

CST Studio Simulation 
(Design Phase) 

Commercial 5G Radio Units 
(RUs) 

ADALM-PLUTO SDRs 

Beamforming 
Type 

Passive Leaky-Wave 
(Sinusoidal Modulation) 

Active Analog Phased Array Directional Antennas 
(Fixed) 

Beam 
Capability 

30° (Base) / 43° (Dielectric 
Loaded) 

~14° Beamwidth 
(Steerable) 

Fixed Directional (~12 
dBi) 

Key Innovation Single-parameter 
reconfigurability via 
superstrate loading 

NLOS target tracking using 
multipath reflections 

Flexible OTA sensing 
with separated TX/RX 

chains 

Target 
Application 

Vehicular V2X Beam Steering Industrial Surveillance & 
Safety 

Joint Comm. & Sensing 
Waveform Design 

 

8.4 Conclusion 
The results presented in D1.6 confirm the operational viability of diverse hardware strategies for 6G ISAC. The 

work validated that standard 5G NR waveforms can be effectively repurposed for sensing across different 

frequency bands (FR1 and FR2) without requiring dedicated radar hardware. The ACG literature review 

established that while digital-first approaches offer algorithmic flexibility, analog-domain optimization,such 

as the SMRS antennas explored by WUP—addresses critical requirements for energy efficiency. Concurrently, 

the experimental results from NOK and UCL demonstrated that these architectures are robust enough to 

operate in complex, multipath-rich environments, supporting both Line-of-Sight and Non-Line-of-Sight 

detection scenarios. 
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