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Linux BBRv3 vs. CUBIC Network Engineering Handbook

Model-Based Congestion Control, Bufferbloat Elimination, and Throughput Dynamics on 100GbE High-BDP Fabrics

EXECUTIVE ARCHITECTURAL SUMMARY: Traditional TCP congestion control algorithms like CUBIC treat packet drop as the primary
signal of network saturation, causing catastrophic throughput collapse across modern wireless networks and long-distance cloud backbones
with non-congestive packet loss. Google's BBRv3 (Bottleneck Bandwidth and RTT) establishes a dynamic state-space model that
decouples packet loss from queue occupancy, operating precisely at Kleinrock's optimal congestion point to eliminate bufferbloat and
maximize link utilization.

Congestion Control Algorithm Throughput at 1% Loss g;lf;flrbloat Queue Fairness Index (vs CUBIC) | BDP Scaling Limit

TCP Reno (Standard) 5.2 Mbps Severe (>350 ms) 1.00 (Reference) Low (<100 Mbps-sec)
TCP CUBIC (Linux Default) 18.5 Mbps High (~220 ms) 1.00 (Baseline) Moderate (~10 Gbps-sec)
Google BBRv1 880.0 Mbps Moderate (~85 ms) 0.45 (Aggressive) High (>100 Gbps-sec)
Google BBRv3 (Production) 965.0 Mbps Minimal (<15 ms) 0.94 (Coexists Fairly) Ultra-High (400GbE+)

1. The Loss-Based lllusion: Why CUBIC Stumbles on Modern Fabrics

TCP CUBIC models congestion window (cwnd) growth using a cubic function of elapsed time since the last loss event: W_cubic(t) = C * (t - K)*3
+ W_max.

» Reno-Era Assumption: CUBIC assumes all packet drops are caused by physical buffer overflow at an overloaded network switch.

» High BDP Sensitivity: On long-distance 100GbE fiber paths (high Bandwidth-Delay Product) or 5G wireless networks, transient packet drops
occur due to Wi-Fi interference, optical jitter, or random bit errors. CUBIC cuts its window in half upon seeing a single dropped packet, causing
sustained bandwidth collapse.

2. The Bufferbloat Trap

When routers and switches are equipped with massive unmanaged RAM buffers, loss-based algorithms continuously fill these buffers to
capacity before experiencing drop.

« Latency Inflation: In-flight packets sit in giant router memory queues, inflating round-trip latency from 15ms to over 400ms without delivering any
additional throughput.

» Real-Time Traffic Destruction: Gaming, VolP, and interactive API requests stall behind bloated bulk-data queues.
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3. BBRv3 Model-Based State Machine

BBRv3 measures the physical network pipe using two independent physical parameters: Bottleneck Bandwidth (BtIBw) and Minimum
Round-Trip Time (RTprop):

« Kleinrock's Optimal Point: The optimal operating point occurs when in-flight data exactly equals BtIBw * RTprop (the BDP). At this point,
throughput is maximized and router queues are completely empty.

* Four-State Controller: BBRv3 transitions between STARTUP (exponential discovery), DRAIN (emptying initial queue), PROBE_BW (cyclic
pacing gain probing), and PROBE_RTT (dropping cwnd to 4 packets to measure true propagation delay).

 Loss & ECN Incorporation: Unlike BBRv1, BBRv3 responds gracefully to Explicit Congestion Notification (ECN) and sustained loss, matching
CUBIC bandwidth share peacefully.

4. Production Linux Kernel Configuration
Deploying BBRV3 requires Linux Kernel 6.4+ with Fair Queueing (FQ) scheduler pacing enabled:

« Sysctl Configuration: net.core.default_gdisc = fq, net.ipv4.tcp_congestion_control = bbr, net.ipv4.tcp_notsent_lowat = 16384.

 Pacing Enforcement: The FQ packet scheduler paces packet departure at the exact byte rate commanded by BBRv3, preventing NIC burstiness.

STRATEGIC ENGINEERING TAKEAWAYS & DEPLOYMENT RULES:
* TCP CUBIC collapses throughput on lossy networks because it falsely equates random packet drops with network saturation.

* BBRv3 operates at Kleinrock's optimal point, achieving 98% line-rate throughput even across links with 15% packet loss.
* BBRv3 resolves BBRvV1 fairness issues by incorporating Explicit Congestion Notification (ECN) and loss-responsive pacing.
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