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L1 (Baseband) Processing Models for vRANs
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• Leveraging the powerful hardware 
accelerators (HWAs) for L1 
processing in virtualized radio access 
networks (vRANs)  

• Cloud-native scaling favors flexibility, 
software-centric upgrades, and multi-
tenancy supports 

• Power-latency tradeoffs determine 
the overall system efficiency, but also 
remains difficult to model 

• Requires both significant R&D and 
engineering efforts!

‣ L. Kundu, X. Lin, E. Agostini, V. Ditya, and T. Martin, “Hardware acceleration for open radio access networks: A contemporary overview,” IEEE Communications Magazine, vol. 62, no. 9, 2023. 
‣ Z. Qi, Y. Yao, Y. Li, C.-H. Tung, J. Zheng, D. Zhuo, and T. Chen, “DecodeX: Exploring and benchmarking of LDPC decoding across CPU, GPU, and ASIC platforms,” arXiv:2511.02952 [cs.NI], 

Nov. 2025.
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Savannah: Real-time Efficient mmWave Baseband Processing
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• Existing software-based PHY processing frameworks are designed for FR1, while FR2 has much 
tighter PHY processing latency requirements due to larger subcarrier spacing

Agora [ACM CoNEXT’20]

CPU only (multi-core)

CPU only (multi-core)

CPU only (multi-core)

CPU (single-core) + ASIC (ACC100)

• 2×2 MIMO link with 100 MHz bandwidth, 100% uplink traffic load 

• FR2 (µ = 3) with 0.125 ms slot, FR1 (µ = 0) with 1.0 ms  

• PHY processing deadline set to 3-slot (frame schedule: DDDSU)

99.9th-percentile Elapsed Time Power Consumption

*Same total fronthaul traffic for FR1/FR2

Bette
r

‣ Z. Qi*, C.-H. Tung*, A. Kalia, and T. Chen, “Savannah: Efficient mmWave baseband processing with minimal and heterogeneous 
resources,” in Proc. ACM International Conference on Mobile Computing and Networking (MobiCom’24), 2024. 
‣ Code and data: https://github.com/functions-lab/Savannah 

https://github.com/functions-lab/Savannah


Savannah: Real-time Efficient mmWave Baseband Processing
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• Key insight #1: Vectorizing small matrix operations with optimized memory layout

…
2 × 2 × Nsc

4 4 4
“Matrix-first” memory order

… … … …
2 × 2 × Nsc

Nsc Nsc Nsc Nsc

“Vector-first” memory order

…

k = 1

k = Nsc

k = 2

Example: 2x2 MIMO 
CSI matrices across 

Nsc subcarriers

• Key insight #2: Leveraging heterogeneous compute resources (e.g., CPU + ASIC)

Batched matrices as a 3D tensor (better for SIMD processors)

CPU power

MCS

ASIC “parallelism”

MCS

CPU power

MCS
Clamp
Meter

PCIe 4.0
Riser Cable Data

Recording

Silicom’s Lisbon P2
ACC100 Accelerator

Power
Supply

Idle NUM_CB=16
NUM_CB=64 NUM_CB=256

Silicom’s Lisbon P2 accelerator with Intel’s ACC100 ASIC

‣ Z. Qi*, C.-H. Tung*, A. Kalia, and T. Chen, “Savannah: Efficient mmWave baseband processing with minimal and heterogeneous 
resources,” in Proc. ACM International Conference on Mobile Computing and Networking (MobiCom’24), 2024. 
‣ Code and data: https://github.com/functions-lab/Savannah 

https://github.com/functions-lab/Savannah


Savannah: Real-time Efficient mmWave Baseband Processing
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• Lab: Dell R750 server w/ Intel Xeon Gold 6348 CPU (56-core, @2.6 GHz), Silicom’s Lisbon P2 ACC100 card 

• COSMOS: Dell R740 server w/ Intel Xeon Gold 6226 CPU (48-core, @2.7 GHz)

Savannah supports 2x2 MIMO, 100 MHz bandwidth in FR2 with a single CPU core + ASIC with 2x 
reduced power consumption with optimized signal processing and compute resource sharing

USRP N321USRP N320

Server Rack
With ACC100

MCS10: 16QAM, LDPC code rate = 340/1,024 
MCS17: 64QAM, LDPC code rate = 438/1,024

1x1, 100MHz

Achievable link data rate: 
243.9 Mbps, 487.8 Mbps, 487.8 Mbps

ReACT Testbed Phase 1

‣ Z. Qi*, C.-H. Tung*, A. Kalia, and T. Chen, “Savannah: Efficient mmWave baseband processing with minimal and heterogeneous 
resources,” in Proc. ACM International Conference on Mobile Computing and Networking (MobiCom’24), 2024. 
‣ Code and data: https://github.com/functions-lab/Savannah 

https://github.com/functions-lab/Savannah
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NEXUS: Efficient Multi-cell mmWave Baseband Processing
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• Problem: Use a single server with a pool of (cpu, 
acc100_vf) resources supporting PHY processing of 
heterogeneous cells with varying (bw, mimo) 
configurations, traffic load, and MCSs 

• Objective: Minimize the total power consumption 
while ensuring that individual cells meet the latency 
requirements 

• Highlights: 
• Co-optimized software-based DSP (CPU) and LDPC 

decoding offloaded to ACC100 virtual functions (VFs) 

• Power-aware compute resource allocation 

• A single server can support 16 cells with a total uplink 
data rate of ~5.4 Gbps using 16 CPU cores and one 
ACC100 HWA (16 VFs) while being scalable

‣ Z. Qi, C.-H. Tung, Z. Gao, and T. Chen, “NEXUS: Efficient and scalable multi-cell mmWave baseband processing with heterogeneous 
compute,” arXiv:2509.04625 [cs.NI], Sept. 2025.



• Cell configuration: 

• Resource allocation strategy:  
• With                    cores and                     ACC100 VFs 

•           cores are allocated for software DSP 

•           cores are allocated for ACC100 offloading tasks 

• Feasible compute resource allocation strategies:

NEXUS: Single-cell Optimization

7

<latexit sha1_base64="ISVdi0bhlq14G7p/ESDeTHXBPYs="></latexit>

ω (B,M, ωt, ωf ,ε)

<latexit sha1_base64="OGJFQBu0X9GVjoaXjrF3DL12ia4=">AAACIHicbVA9SwNBEN3zM8avM5Y2i0GwCnci0TKghWUEcwkkIext5pIlu3vn7p4kHPkrFjb6U+zEUv+IrZuPwiQ+GHi8N8PMvDDhTBvP+3LW1jc2t7ZzO/ndvf2DQ/eoEOg4VRRqNOaxaoREA2cSaoYZDo1EAREhh3o4uJn49SdQmsXywYwSaAvSkyxilBgrddxCgFscHnHQyVo6woIMxx236JW8KfAq8eekiOaodtyfVjemqQBpKCdaN30vMe2MKMMoh3G+lWpICB2QHjQtlUSAbmfT28f4zCpdHMXKljR4qv6dyIjQeiRC2ymI6etlbyL+5zVTE123MyaT1ICks0VRyrGJ8SQI3GUKqOEjSwhVzN6KaZ8oQo2Na2FLmvQUwGDhkSwU47xNyl/OZZUEFyW/XCrfXxYrt/PMcugEnaJz5KMrVEF3qIpqiKIhekav6M15cd6dD+dz1rrmzGeO0QKc71+ghaN2</latexit>

V → Vmax
<latexit sha1_base64="Lfcpa4wtCkKXounQmAgL4t97aNY=">AAACIHicbVBNT8JAEN3iF+JXxaOXjcTEE2mNQY8kePCIiXwkQMh2mcKG3bbubg2k6V/x4EV/ijfjUf+IVxfoQcCXTPLy3kxm5nkRZ0o7zpeV29jc2t7J7xb29g8Oj+zjYlOFsaTQoCEPZdsjCjgLoKGZ5tCOJBDhcWh549rMbz2BVCwMHvQ0gp4gw4D5jBJtpL5drOEuh0dc6ydd5WNBJmnfLjllZw68TtyMlFCGet/+6Q5CGgsINOVEqY7rRLqXEKkZ5ZAWurGCiNAxGULH0IAIUL1kfnuKz40ywH4oTQUaz9W/EwkRSk2FZzoF0SO16s3E/7xOrP2bXsKCKNYQ0MUiP+ZYh3gWBB4wCVTzqSGESmZuxXREJKHaxLW0JY6GEmC89EjiibRgknJXc1knzcuyWylX7q9K1dssszw6RWfoArnoGlXRHaqjBqJogp7RK3qzXqx368P6XLTmrGzmBC3B+v4FX26jUA==</latexit>

C → Cmax

<latexit sha1_base64="qtg1ccD5LbkDIRq9D2uEYYbVFXk="></latexit>

ω
(
Cdsp, Cacc|C, V

)

<latexit sha1_base64="orGHHPgJ3sP89CzDFEw0hYY9KSg=">AAACF3icbVBNS8NAEN34WetX1aOXxSJ4KolI9VioB48V7AeksWw2k3bpZhN2N0IJ+RkevOhP8SZePfpLvLptc7CtDwYe780wM89POFPatr+ttfWNza3t0k55d2//4LBydNxRcSoptGnMY9nziQLOBLQ10xx6iQQS+Ry6/rg59btPIBWLxYOeJOBFZChYyCjRRnKbj1lfhThQST6oVO2aPQNeJU5BqqhAa1D56QcxTSMQmnKilOvYifYyIjWjHPJyP1WQEDomQ3ANFSQC5WWzk3N8bpQAh7E0JTSeqX8nMhIpNYl80xkRPVLL3lT8z3NTHd54GRNJqkHQ+aIw5VjHePo/DpgEqvnEEEIlM7diOiKSUG1SWtiSJkMJMF54JPOjvGyScpZzWSWdy5pTr9Xvr6qN2yKzEjpFZ+gCOegaNdAdaqE2oihGz+gVvVkv1rv1YX3OW9esYuYELcD6+gU4RKC4</latexit>

Cdsp

<latexit sha1_base64="A5YOUR+7XhQoBL0+xvIyWxd2tsg=">AAACF3icbVA9SwNBEN3zM8avqKXNYhCswp1ItAzEwjKC+YDkDHubuWTJ7t6xuyeE436GhY3+FDuxtfSX2LpJrjCJDwYe780wMy+IOdPGdb+dtfWNza3twk5xd2//4LB0dNzSUaIoNGnEI9UJiAbOJDQNMxw6sQIiAg7tYFyf+u0nUJpF8sFMYvAFGUoWMkqMlbr1x7SnQ0wozfqlsltxZ8CrxMtJGeVo9Es/vUFEEwHSUE607npubPyUKMMoh6zYSzTEhI7JELqWSiJA++ns5AyfW2WAw0jZkgbP1L8TKRFaT0RgOwUxI73sTcX/vG5iwhs/ZTJODEg6XxQmHJsIT//HA6aAGj6xhFDF7K2Yjogi1NiUFrYk8VABjBceSQORFW1S3nIuq6R1WfGqler9Vbl2m2dWQKfoDF0gD12jGrpDDdREFEXoGb2iN+fFeXc+nM9565qTz5ygBThfvwLuoJg=</latexit>

Cacc

Each core is dedicated to either software DSP, 
ACC100 offloading (LDPC decoding), or both

Each core responsible for ACC100 offloading is mapped to a unique 
set of VFs, and each VF cannot be managed by more than one core
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!(C, V ) =
{
ω
(
Cdsp, Cacc|C, V

)}

s.t. 1 → C =
∣∣Cdsp ↑ Cacc

∣∣ → Cmax,

1 → Cdsp → C, 0 → Cacc → C,

1 → Cacc → V.

‣ Z. Qi, C.-H. Tung, Z. Gao, and T. Chen, “NEXUS: Efficient and scalable multi-cell mmWave baseband processing with heterogeneous 
compute,” arXiv:2509.04625 [cs.NI], Sept. 2025.
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• Power-aware compute resource optimization for a single cell: 
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‣ Z. Qi, C.-H. Tung, Z. Gao, and T. Chen, “NEXUS: Efficient and scalable multi-cell mmWave baseband processing with heterogeneous 
compute,” arXiv:2509.04625 [cs.NI], Sept. 2025.



NEXUS: Single-cell Optimization

9

• Power-aware compute resource optimization for a single cell: 
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• Configuration space reduction based on key observations from comprehensive system profiling 
• E.g., from 152 to 15 with  
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(C, V ) = (26, 16)

1 core + 
ACC100 VF

1 core 1 core + 
ACC100 VF

3 cores + 
1 ACC100 VF

3 cores + 
1 ACC100 VF

4 cores + 
4 ACC100 VFs

‣ Z. Qi, C.-H. Tung, Z. Gao, and T. Chen, “NEXUS: Efficient and scalable multi-cell mmWave baseband processing with heterogeneous 
compute,” arXiv:2509.04625 [cs.NI], Sept. 2025.



NEXUS: Single-cell Optimization
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• Configuration space reduction based on key observations from comprehensive system profiling 
• E.g., from 152 to 15 with   

• We consider four resource allocation strategies:

<latexit sha1_base64="nBtDE+pN07S7mH2tNa3wISDTpyY=">AAACH3icbVC7TgJBFJ31ifgCLW0mEBOIhOxSrDYmG2ksMZFHAhsyO1xgwuwjM7MasuEvbC1s9FPsjC1fYuvwKAQ8yU1Ozrk3997jRZxJZZpTY2t7Z3dvP3WQPjw6PjnNZM8aMowFhToNeShaHpHAWQB1xRSHViSA+B6HpjeqzvzmEwjJwuBRjSNwfTIIWJ9RorTUzWQL1RJuFPEtLlTsErbsYjeTN8vmHHiTWEuSd3Kdq5epM651Mz+dXkhjHwJFOZGybZmRchMiFKMcJulOLCEidEQG0NY0ID5IN5mfPsGXWunhfih0BQrP1b8TCfGlHPue7vSJGsp1byb+57Vj1b9xExZEsYKALhb1Y45ViGc54B4TQBUfa0KoYPpWTIdEEKp0Witb4mggAEYrjySeP0nrpKz1XDZJo1K27LL9YOWdO7RACl2gHCogC10jB92jGqojip7RK3pHH8ab8Wl8Gd+L1i1jOXOOVmBMfwFXJ6MZ</latexit>

(C, V ) = (26, 16)

‣ Z. Qi, C.-H. Tung, Z. Gao, and T. Chen, “NEXUS: Efficient and scalable multi-cell mmWave baseband processing with heterogeneous 
compute,” arXiv:2509.04625 [cs.NI], Sept. 2025.
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PHY
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allocation of θ(!!"#, !$%%	|!,#)

$ ≤ ! = ' = 'dsp ∪ '!"" ≤ !)*+ + !-..
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(a) NEXUS Overview

(b) Resource Allocation Mechanisms



NEXUS: Single-cell Optimization
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• Configuration space reduction based on key observations from comprehensive system profiling 
• E.g., from 152 to 15 with    

• Random forest (RAF) based feasibility prediction: 
• Trained on >9K profiling experiments, each with 20K frames with detailed PHY processing timing

<latexit sha1_base64="+1IWULuaqhGjW8O8OS15dnqldTU="></latexit>

f : (ω,ε) →↑ [0, 1]

RAF-based feasibility prediction (dashed lines) vs. ground truth 
(green: feasible; red: infeasible), for an unseen MCS-18

<latexit sha1_base64="XjhPxE0TWa64qF5Na3CxReAI5yc="></latexit>

SISO,ω(1, 1|1, 1)
<latexit sha1_base64="K93oMpC2oPGBuiK2AGL5i/SOpxk="></latexit>

2x2 MIMO,ω(4, 0|4, 0)

Accuracy Inference Time

MLP 99.1% 582 usec

1D CNN 99.2% 615 usec

TinyNet 99.3% 570 usec

RAF 
(10 trees) 99.0% 1.4 usec

RAF 
(100 trees) 99.1% 4.3 usec

Accuracy and inference time comparison 
between different methods
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(C, V ) = (26, 16)

‣ Z. Qi, C.-H. Tung, Z. Gao, and T. Chen, “NEXUS: Efficient and scalable multi-cell mmWave baseband processing with heterogeneous 
compute,” arXiv:2509.04625 [cs.NI], Sept. 2025.



NEXUS: Multi-cell Optimization

13

• Assume non-overlapping allocation of compute resources (CPU cores, ACC100 VFs) across N cells 

• Leverage single-cell optimization to reduce configuration space across N cells  

• Contention-aware latency adjustment of the RAF-based feasibility prediction: 
• If the predicted cell configuration cannot meet the latency requirements, go to the next best configuration

‣ Z. Qi, C.-H. Tung, Z. Gao, and T. Chen, “NEXUS: Efficient and scalable multi-cell mmWave baseband processing with heterogeneous 
compute,” arXiv:2509.04625 [cs.NI], Sept. 2025.
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NEXUS multi-cell Scheduler

! ≥ 10

NEXUS multi-cell Scheduler



NEXUS: Implementation and Results
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• ~5K LOC (C++), ~9K configuration files, ACC100 VF management based on Intel’s bbdev tool 
(pf_bb_config) and DPDK’s threading model (rte_thread) 

• Two servers emulating the set of RUs and DUs, connected via 100 GbE links (Mellanox CX6) 

• Example:  NEXUS with heterogeneous cell configurations and heterogeneous resource allocations

‣ Z. Qi, C.-H. Tung, Z. Gao, and T. Chen, “NEXUS: Efficient and scalable multi-cell mmWave baseband processing with heterogeneous 
compute,” arXiv:2509.04625 [cs.NI], Sept. 2025.
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78.6 Gbps

51.1 Gbps

55.1 Gbps

NEXUS supports heterogeneous multi-
cell baseband processing with optimized 

CPU-HWA resource utilization



DecodeX: LDPC Decoding Across CPU, GPU, and ASIC Platforms
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• A comprehensive suite of LDPC decoder 
implementations (kernels, APIs, and test 
vectors) for benchmarking and R&D: 
• CPU (FlexRAN) 

• GPU (NVIDIA Aerial and Sionna-RK) 

• ASIC (ACC100) 

• Allow for evaluation of L1 processing 
models with different HWAs: 
• Inline: CPU or GPU only (e.g., FlexRAN, Aerial) 

• Lookaside: CPU + ACC100 (e.g., Savannah, 
NEXUS), CPU + GPU 

• Hybrid: CPU-GPU with unified memory (e.g., 
Sionna-RK)

‣ Z. Qi, Y. Yao, Y. Li, C.-H. Tung, J. Zheng, D. Zhuo, and T. Chen, “DecodeX: Exploring and benchmarking of LDPC decoding across CPU, 
GPU, and ASIC platforms,” arXiv:2511.02952 [cs.NI], Nov. 2025.

Figure 3: LDPC decoding latency across heterogeneous platforms under varying L1 con!gurations. Each heatmap shows
per-TB decoding latency (ms) as a function of MCS index and SNR level, for four PRB allocations: (1st) CPU (FlexRAN, AVX512);
(2nd) ACC100 lookaside acceleration; and (3rd) H200 decoding via NVIDIA’s Aerial. (4th) RTX 3090 decoding via NVIDIA’s
Aerial. (5th) RTX 6000 Ada decoding via NVIDIA’s Aerial.

enabling cross-generation comparison of decoding latency
and kernel e!ciency. The same server hosts two LDPC ASIC
accelerators: one Intel ACC100 and one Silicom-branded
equivalent device, both accessed through the DPDK BBDev
drivers. We use an NVIDIA Jetson Orin AGX edge platform

running Ubuntu 22.04 (kernel 5.15) with CUDA-accelerated
LDPC decoding through the Sionna-rk (v1.2.1) toolkit. This
platform executes all LDPC decoding kernels directly in uni-
"ed system memory.
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Thank you! Questions?
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tingjun.chen@duke.edu; https://tingjunchen.com

NSF AI Institute for Edge Computing
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