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Optimizing Live Video Transmission Using
Cellular Aggregation in Congested and
Low-Signal Environments

Harnessing TVU Inverse Statmux X (ISX) and Advanced 5G Technologies for Reliable,
High-Quality Live Production in Even the Most Challenging Environments.

Introduction — The Real-World Challenge of Congested &
Weak Networks

Live video producers are no longer working only from stadiums with dedicated fiber. Today’s
reporters, content creators, and event teams must deliver flawless HD or UHD streams from
crowded city centers, rural backroads, moving vehicles, and everything in between. In these
scenarios, the uplink is often the bottleneck: RF or backhaul congestion, limited spectrum, and
fluctuating signal strength can substantially impact traditional "cellular bonding" systems.
Selecting an uplink architecture that is purpose-built to handle the challenges of congested and
low-signal environments is, therefore, mission-critical.

This paper explains how cellular aggregation—powered by TVU’s Inverse Statmux X (ISX)
technology and the latest 5G advances—unlocks peak performance, ultra-low latency, and
future-proof flexibility even when bandwidth is scarce.

1. The Latest 5G Modem Technology is Essential

The right modem technology is crucial for maximizing the benefits of the rapidly evolving 5G
technology landscape. At a minimum, using a 5G 3GPP Release 16 modem in a cellular uplink
video encoding device offers significant advantages over older 5G technologies, particularly for
live video transmission using TVU’s ISX. Release 16 introduces enhanced uplink capabilities,
including uplink MIMO (Multiple Input Multiple Output) and improved power efficiency, enabling
higher, more stable, and more efficient use of available spectrum, critical for maximizing video
uplink throughput. Most notably, Release 16 advances support for ultra-reliable low-latency
communications (URLLC), which directly benefits ISX by ensuring consistent, sub-second
latency (as low as 0.3 seconds, glass-to-glass) with minimal packet loss or jitter, even in
congested or high-mobility environments. These enhancements make Release 16 modems
ideal for mobile or remote live production, where maintaining both high video quality and
transmission reliability is essential. All TVU Uplink devices shipped over the last three years with
5G connectivity have utilized Release 16 modems.
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2. Multiple Antennas per Modem - Essential for Maximizing
Throughput

As 5G networks continue to evolve, they will increasingly rely on MIMO (Multiple Input Multiple
Output) uplink to achieve higher data throughput and more efficient use of available spectrum,
especially for uplink-heavy applications such as live video transmission. It is estimated that
MIMO uplink can reach between 25% and 300% more throughput on a given link, as well as
improved RF performance (up to ~10 dB), resulting in higher and more stable encodings and
better coverage. To support uplink MIMO, 5G modems require multiple antennas capable of
transmitting separate data streams simultaneously over the same frequency band. Each
antenna sends a distinct signal, which, when received by multiple antennas on the base station
side, enables spatial multiplexing and significantly increases uplink capacity. MIMO transforms a
wireless link into a multi-lane expressway, allowing multiple data streams to travel side-by-side
and considerably increasing speed and throughput compared to the single-lane road of a lone
antenna.
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This is essential for fully leveraging the enhanced uplink features of 3GPP Release 16.
However, effective MIMO performance depends not only on the number of antennas—typically
two for 2x2 MIMO—but also on their placement, isolation, and tuning to ensure optimal signal
separation and minimal interference. All TVU 5G-capable transmission devices that have
shipped over the last three years have at least three antennas on each modem and support
MIMO uplink. The design of the antenna array on the latest TM1100 and TM1000 units (which
incorporate 22 internal antennas) was specifically designed to provide the maximum efficiency
on all modems, given the small form factor of TVU transmission devices.

3. Future Proof 5G Technology

The rollout of 5G Standalone (5G-SA) networks marks a significant milestone in the evolution of
mobile connectivity, as it operates independently of 4G infrastructure and unlocks the full
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capabilities of 5G technology. Unlike Non-Standalone (5G-NSA), which relies on a 4G core, 5G-
SA utilizes a dedicated 5G core network that supports advanced features, including ultra-low
latency, enhanced reliability, and network slicing. Network slicing allows operators to create
multiple virtual networks on the same physical infrastructure, each tailored for specific use
cases, such as high-bandwidth live video transmission, low-latency autonomous control, or loT
sensor networks. For broadcasters and video professionals, this means access to dedicated,
high-performance network slices optimized for real-time video workflows, significantly improving
quality, consistency, and reliability in the field. As 5G-SA adoption grows, it will enable smarter,
more flexible mobile networks that adapt to the demands of each application. It is expected that
we will see the first commercialized 5G network slicing in 2025, which will bring a considerable
boost to live coverage from anywhere, particularly in congested environments. Carriers are
planning to release slicing not just in specific locations, but network-wide, providing even more
flexibility. This function alone will give the most significant boost to coverage. An uplink device
must be future-proof and capable of supporting not only the latest 5G-SA bands today but also
the emerging network slicing technology that will become available in the near future. All TVU
5G devices already support these functions.

4. Carrier Aggregation and Efficient Link Utilization

Cell carriers have done an impressive job in recent years of providing users with adequate
upload and download bandwidth at large events. Their efforts include deploying COWs (cells-
on-wheels, or portable cell towers), expanding spectrum coverage, increasing back-haul
capacity, rolling out large public Wi-Fi mesh networks, and more. Cellular video devices have
naturally benefited from these improvements.

TVU continually tests its ISX algorithm in real-world situations. During a recent marathon in San
Francisco that drew an estimated 50,000 people into a confined area, the cellular network
experienced a brief period of congestion'. As a test during the event, all links except one
modem on a single carrier were disabled, and that lone link suffered from low throughput and
frequent errors. When a second link on the same carrier was added, performance improved—
but only marginally.

" Testing took place at the Bay to Breakers race, Sunday, May 18, 2025, at the start line of the race, at the intersection of Howard
Street and Main Street, in downtown San Francisco, CA.
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Adding a third (or additional) link on the same carrier yielded only modest extra bandwidth, with
brief spikes that showed no meaningful reduction in errors. Thus, when a TVU device is
operating under congestion or at the network’s edge, using more than two links on the same
carrier offers little benefit. The critical factor is carrier diversity, which lets each provider
contribute its maximum throughput. In most parts of the world, six modems in total are more
than sufficient to maximize throughput, provided they are spread across multiple carriers.

For instance, in the United States, a typical configuration would be:

2 X AT&T
2 x Verizon
2 x T-Mobile

In the marathon scenario described above, TVU’s ISX technology was put to the test in a brief
but intense period of network congestion. Despite bandwidth drops on a single carrier, the
system maintained transmission quality without requiring intervention. Within about 30 minutes,
the carrier’s internal routing had recovered, and TVU’s ISX instantly took advantage of the
renewed bandwidth, automatically reallocating traffic to the stronger link.

Unlike conventional bonding systems that may attempt to balance across multiple links statically
or require manual switching, ISX’s real-time link probing and dynamic packet scheduling meant
the system continued to deliver optimal video quality throughout. Adding more modems on the
same carrier offered only marginal gains, highlighting why carrier diversity, not redundancy, is
the key to reliable performance. Had we manually switched away from the temporarily
congested carrier, we might have missed the restored capacity as it returned. ISX ensured no
opportunity was lost, no bandwidth went unused, and no latency penalty was incurred—a critical
advantage over traditional approaches.
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5. The Most Important Part: The Transmission Algorithm

TVU Inverse Statmux X (ISX) is engineered to maximize bandwidth utilization by intelligently
analyzing and leveraging the real-time capacity of each available IP connection, such as 5G,
LTE, Wi-Fi, Starlink, or Ethernet. Unlike traditional bonding, which often distributes traffic evenly
across multiple connections as one big pipe, ISX treats each connection independently and
uses a dynamic inverse multiplexing algorithm to push every link to its optimal throughput. It
slices video at the packet level and continuously monitors available bandwidth, latency, and
packet loss, adjusting packet flow on the fly to exploit each link’s full potential. Faster, more
stable links receive a proportionally higher data load. In contrast, slower or congested links are
automatically adjusted to prevent overloading and packet loss, thus ensuring that no available
bandwidth goes unused.

Traditional cellular bonding splits each video frame into primary packets, plus a modest slice of
FEC. Then it distributes those packets across several modems in fixed—or only slowly
adjusting—ratios. Because each radio’s capacity is continually rising and falling, the encoder
must leave headroom to avoid congestion, so much of the potential bandwidth (the green curve)
goes unused; if a path suffers a deep fade that wipes out more than the thin FEC layer, the
encoder must request retransmission, adding delay and risking visible artifacts.
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TVU’s patented ISX (Inverse Statistical Multiplexing) technology turns that model inside-out: it
polls every modem’s instantaneous throughput every few milliseconds, fills each one right up to
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its moment-by-moment limit, and overlays a far richer, pool-based FEC that can rebuild an
entire frame even if one or two paths vanish. The result is that every bar in the diagram reaches
the network’s real-time ceiling, squeezing out wasted capacity, riding through severe RF dips
without retransmissions, and delivering broadcast-quality video at sub-second (often ~0.3 s)
latency. In short, where bonding is “good enough” only in benign conditions, ISX sustains
picture integrity and full throughput in the most hostile cellular environments—such as stadiums,
rallies, and racecourses—making it a genuine step-change in utilization, resilience, and end-to-
end delay.
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6. Dynamic Link Connectivity

ISX treats every IP interface—cellular, Wi-Fi, Ethernet, Starlink, and satellite—as just another
lane feeding the same adaptive pool of packets, continuously sampling each link’s real-time
capacity and loss. When you plug in a new path or a modem drops offline, ISX instantly
recalculates its schedule, redistributes the forward-error-corrected packet stream, and keeps the
picture flowing without interruption or renegotiation. The same live feedback loop lets operators
change the encoder’s bit-rate ceiling or target latency on the fly: raise the ceiling and ISX
immediately fills the newly available bandwidth; lower it or tighten the latency budget, and the
algorithm throttles back, shedding excess data and trimming buffer depth so delay stays within
the new limit. In short, ISX enables fully dynamic link diversity and performance tuning, all while
the transmission remains on air.
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7. Ultra-Low Latency, Reliability, and Efficient Encoding

In addition to maximizing throughput, ISX is engineered for ultra-low latency HD or UHD
transmission, achieving end-to-end delay as low as 0.3 seconds on cellular only. ISX makes this
incredibly low-latency possible on cellular networks only by its optimized transmission protocol,
minimal buffering strategy, and ability to adjust encoding and packet flow in real-time. ISX also
provides exceptional stability through seamless path switching and rapid bandwidth reallocation
when network conditions change, ensuring uninterrupted live transmission. In the event of link
degradation or loss, ISX recovers quickly by redistributing traffic across remaining links with
minimal delay, delivering robust performance even in highly unpredictable environments. Other
solutions claim to support sub-500ms latency, but this is only possible when a stable link, such
as a wired connection, is available. With these solutions, unstable links (which are typical with
cellular connections) require more aggressive FEC to recover lost packets, which requires extra
latency for more frequent packet retransmission. ISX’s unique FEC algorithm transmits enough
redundant packets initially to avoid excessive packet retransmission, thereby achieving lower
latency in hostile network conditions.
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Additionally, ISX leverages efficient HEVC (H.265) encoding to deliver high-quality video at
lower bitrates, preserving picture fidelity even when bandwidth is limited, making it ideal for
mobile or bandwidth-constrained broadcast scenarios. While HEVC has become the clear
industry standard, pairing it with ISX’s unique ability to predict network trends and dynamically
adapt both FEC and VBR encoding ensures the highest possible video quality under any
network conditions.
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Conclusion

TVU’s Inverse Statmux X (ISX) technology delivers a fundamentally more efficient and reliable
approach to live video transmission by intelligently maximizing bandwidth across all available IP
connections, including 5G, LTE, Wi-Fi, Starlink, and Ethernet, using a dynamic, real-time
inverse multiplexing algorithm. Unlike traditional bonding or Al-driven solutions that rely on static
rules or delayed responsiveness, ISX continuously adapts to actual link conditions, allocating
more traffic to stronger, faster links and easing off on congested or degraded ones. This results
in significantly higher total throughput, ultra-low latency (as low as 0.3 seconds), and consistent
broadcast stability. ISX also incorporates advanced error correction and real-time network
probing to anticipate and mitigate performance issues before they affect the stream. With
support for efficient HEVC encoding and seamless path switching, ISX delivers resilient, high-
quality video in even the most bandwidth-challenged environments. Further enhancing
performance, TVU uplink devices incorporate 3GPP Release 16 5G modems with MIMO uplink
capabilities, using multiple antennas per modem to maximize throughput. These devices are
future-proofed to support 5G Standalone networks and network slicing, which will unlock new
levels of broadcast performance, especially in high-demand or congested scenarios.
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