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Abstract—For reliable real-time video communication, appli-
cation servers rely on forward error correction (FEC) to recover
frames when packets are lost. In radio access networks (RANs),
packets are scheduled at the transport block (TB) level, with
unique retransmission mechanisms such as hybrid automatic
repeat request (HARQ). Since FEC and HARQ are controlled in-
dependently, behavior mismatches arise in loss structure (packet-
level loss assumptions vs. TB-level loss correlation) and optimiza-
tion objectives (deadline-constrained frame recovery vs. TB-level
decoding reliability). To bridge these gaps, we propose a two-
way cross-layer FEC–HARQ control mechanism. In the radio-to-
application direction, the server infers the TB-level loss structure
from user equipment (UE) radio-layer feedback and jointly
determines pacing, inter-frame spreading, and redundancy to
improve frame recovery while reducing FEC overhead. In the
application-to-radio direction, the UE signals the RAN to early
terminate HARQ retransmissions for packets that are already
recovered or past their deadlines, freeing resources for packets
still likely to meet the deadline. The ns-3 simulations show up to
a 47% mean relative reduction in frame loss rate over adaptive
FEC baselines, while matching high-redundancy baselines with
up to a 30% mean relative reduction in redundancy.

Index Terms—Cross-layer design, Forward error correction,
Hybrid automatic repeat request, Deadline-aware communication

I. INTRODUCTION

Reliable real-time video communication is a key enabler for
emerging services such as cloud gaming and mission-critical
industrial applications, especially under highly dynamic radio
conditions. To satisfy these requirements, forward error correc-
tion (FEC) is widely adopted as a proactive reliability mecha-
nism that introduces controlled redundancy into the transmit-
ted frame stream [1]. In FEC-based transmission, video frames
are segmented into multiple data packets, and additional FEC
packets are generated from them. By enabling loss recovery
without retransmissions, FEC prevents retransmission-induced
delays and helps avoid deadline violations.

Despite its advantages, the effectiveness of application-layer
FEC can significantly degrade in mobile networks. This is
because FEC is configured at the packet level while the under-
lying radio access network (RAN) transmits packets through
transport blocks (TBs) and mitigates channel errors using hy-
brid automatic repeat request (HARQ) retransmissions [2]. The
resulting difficulty is not merely a layering issue: application-
layer FEC typically assumes packet-level loss behavior and
aims for deadline-constrained frame recovery, whereas radio-
layer HARQ operates on TB-level decoding outcomes and aims
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Fig. 1: Overview of the proposed two-way cross-layer mechanism:
(i) Radio-to-application (R2A) control optimizes FEC param-
eters, while (ii) application-to-radio (A2R) control terminates
inefficient HARQ retransmissions to conserve resources.

to improve TB reliability through retransmissions. Coordinat-
ing FEC with these radio-layer mechanisms, therefore, poses
three challenges:

• Loss structure mismatch: Post-HARQ residual losses
are correlated within individual TBs and occur in
bursts across consecutive TBs owing to non-line-of-sight
(NLOS) propagation and fading [3]; such temporal and
intra-TB correlations cannot be captured by packet-level
FEC assumptions or pre-HARQ indicators such as the
signal-to-interference-plus-noise ratio (SINR).

• Objective mismatch: HARQ maximizes TB decoding
probability, whereas the application requires frame recov-
ery within a deadline. This mismatch causes unnecessary
retransmissions for frames already recovered or expired.

• Independent control: Although these structural and ob-
jective constraints are inherently coupled, FEC redun-
dancy and HARQ retransmissions are typically controlled
independently at their respective layers.

Existing efforts have studied adaptive FEC [4]–[7] and
timeliness-aware HARQ [8]–[10], but they optimize each in
isolation and thus fail to capture the coupling between loss
structure and deadline-driven recovery objectives.

To jointly resolve these coupled mismatches, we propose a
two-way cross-layer FEC–HARQ mechanism, shown in Fig. 1,
consisting of: (i) radio-to-application cross-layer FEC (R2AX-
FEC) and (ii) application-to-radio cross-layer HARQ (A2RX-
HARQ). Through this bidirectional coordination, FEC adapts
its redundancy to the radio-layer loss structure, and HARQ
retransmissions are terminated according to application-layer
frame-recovery status and deadline viability. As a result, the



mechanism improves the deadline-constrained recovery rate
while reducing redundancy overhead.

For R2AX-FEC, we determine packet pacing, inter-frame
spreading span, and redundancy online from UE-observed
TB/HARQ feedback. First, to reduce the co-location of suc-
cessive packets from the same frame within a TB, we set the
pacing interval based on the UE-observed TB delivery interval
so that packets are more likely to be scheduled in distinct TBs.
Next, to mitigate bursty post-HARQ TB losses, we estimate
burst characteristics using a two-state loss model [11] and
spread each frame’s FEC packets across subsequent frames
over a span exceeding the typical burst length while remaining
within the deadline budget. Finally, given the pacing interval
and span, we estimate the per-frame failure probability using
Bayesian updates [12]. Specifically, we treat losses on TBs that
carry data packets as correlated, whereas losses on dispersed
TBs that carry FEC packets are assumed to be approximately
independent. We then set the redundancy to the minimum
value that satisfies the target frame-recovery constraint.

For A2RX-HARQ, the UE extends the HARQ feedback
alphabet from {ACK,NACK} to {ACK,NACK, SKIP},
where SKIP terminates retransmissions for TBs carrying
packets of frames that have already been recovered or whose
deadlines have expired. This extension is compatible with the
3GPP HARQ framework [2] using cross-layer interfaces [13].
By enabling early termination, A2RX-HARQ frees radio re-
sources for subsequent TBs and, in turn, relaxes the deadline
constraint on R2AX-FEC.

Using the ns-3 simulator with the 5G-LENA module [14],
we evaluate R2AX-FEC and A2RX-HARQ in a dedicated
single-UE scenario representing a network slice [15]. R2AX-
FEC reduces the frame loss rate by up to 47% relative to
Bolot [16] and USF [17] under high packet loss rates, while
achieving comparable recovery to WebRTC [18] with up
to 23% less FEC redundancy. Adding A2RX-HARQ further
lowers both the frame loss rate and FEC overhead, matching
WebRTC with up to 30% less redundancy, with the largest
gains under severe channel conditions.

Our contributions to the problem statement (§ III) are below:
• We formulate the parameter selection problem in R2AX-

FEC as a nonconvex mixed-integer nonlinear program
(MINLP), which is computationally intractable in gen-
eral. To solve this online, we propose a statistical decom-
position algorithm using TB/HARQ feedback (§ IV).

• We present a system model for A2RX-HARQ and dis-
cuss its implementation feasibility. We further provide a
theoretical analysis showing that A2RX-HARQ relaxes
the deadline constraint on R2AX-FEC (§ V).

• We evaluate the proposed R2AX-FEC and A2RX-HARQ
mechanisms using ns-3 simulations and demonstrate their
effectiveness under lossy mobile network conditions. We
also discuss limitations and future directions (§ VI).

II. RELATED WORK

This section covers FEC and HARQ principles, reviews ex-
isting efforts, and states the need for cross-layer coordination.

A. Forward Error Correction (FEC)

FEC is a widely adopted technique for real-time frame re-
covery in video transmission because it enables proactive loss
recovery without retransmissions [1]. In particular, maximum
distance separable (MDS) coding provides strong robustness
against packet loss by allowing a frame consisting of N data
packets to be recovered from any N packets out of the total
N +K transmitted packets, where K denotes the number
of FEC packets. Recent work has demonstrated that MDS-
based FEC can achieve high packet loss robustness while still
meeting strict real-time deadline constraints [19].

Since additional FEC packets reduce the effective data rate,
a key objective is to scale redundancy for sufficient robust-
ness with minimal overhead. Recent studies have investigated
learning-based adaptive schemes to maintain a high recovery
probability while minimizing redundancy, demonstrating that
such adaptive control significantly improves real-time video
quality compared with static redundancy configurations [4]–
[6]. More recently, measurement and control frameworks
have been studied to tighten cross-layer adaptation loops for
real-time video, indicating that practical redundancy control
benefits from explicit coordination with radio-layer dynam-
ics [20]. In practice, cross-layer designs that incorporate radio-
layer channel quality indicators (e.g., SINR) have also been
proposed for application-aware video scheduling [7].

B. Hybrid Automatic Repeat Request (HARQ)

HARQ [2] is a radio-layer reliability mechanism that com-
bines error-detection feedback {ACK,NACK} with channel
coding to improve decoding reliability over radio channels.
Upon receiving TBs from the RAN, the UE attempts decoding;
failed decodes lead to NACK-driven retransmissions. To limit
radio resource consumption, HARQ operates under a bounded
retransmission budget and uses redundancy versions (RVs)
across retransmissions to provide complementary coded bits.

Maximizing radio-layer reliability via HARQ can be sub-
optimal for real-time delivery: extra retransmissions improve
decoding but may delay newer updates and make delivered in-
formation stale. Timeliness-aware HARQ therefore optimizes
information freshness rather than radio-layer reliability alone.
Prior work has proposed partial and non-orthogonal retrans-
missions to limit latency and improve remote estimation [8],
analyzed deadline-oriented multi-user scheduling under prac-
tical HARQ constraints [9], and used reinforcement learn-
ing to adapt scheduling and retransmission decisions when
success probabilities are unknown [10]. More recent studies
extend freshness-aware objectives to incorporate correctness
and distortion, further emphasizing the need to coordinate
retransmission control with application-level freshness [21].

III. PROBLEM STATEMENT

From reviews in § II calling for coordination of application-
layer FEC with radio-layer HARQ, three challenges emerge:
(1) post-HARQ residual losses are correlated at the TB level
and bursty over time, violating packet-level FEC assumptions;
(2) HARQ maximizes TB decoding probability, whereas FEC



requires deadline-bounded frame recovery; and (3) loss pat-
terns and recovery objectives are coupled, yet redundancy and
retransmissions are optimized independently across layers.

First, post-HARQ residual losses exhibit TB-level corre-
lation and temporal bursts due to fading [3], which packet-
level loss models assumed in existing FEC designs fail to
capture [4]–[6]. Although widely used as a cross-layer indica-
tor, SINR reflects pre-HARQ conditions and therefore fails
to capture this residual-loss structure [7]. In contrast, UE-
observed TB delivery timing and HARQ outcomes directly
reveal these post-HARQ properties, but their systematic use
for FEC parameterization has not been sufficiently explored.

Second, HARQ increases the probability of TB decoding,
whereas the application requires frames to be recovered before
playback deadlines. This mismatch triggers retransmissions for
TBs belonging to frames that have already been recovered by
FEC or whose deadlines have elapsed, wasting radio resources
and reducing the time budget available for FEC [21].

Third, the TB-loss pattern determines how redundancy
should be placed, and conversely, frame recovery status de-
termines when HARQ should stop. Yet existing designs op-
timize FEC [4]–[6] and HARQ [8]–[10] in isolation, without
exploiting this bidirectional dependency.

To address these issues, we propose a two-way cross-layer
mechanism: (i) R2AX-FEC (§ IV), which infers TB-level loss
structure from UE feedback and jointly determines pacing,
inter-frame spreading, and redundancy; and (ii) A2RX-HARQ
(§ V), which feeds back recovery status to suppress redun-
dant retransmissions and effectively expand the time budget
for R2AX-FEC. These mechanisms are feasible because the
UE can expose radio-layer observations to the application
layer [22], [23] and relay application decisions to the radio
layer via cross-layer interfaces viable in 3GPP systems [13].

IV. RADIO-TO-APPLICATION CROSS-LAYER FEC

This section presents R2AX-FEC. We formulate per-epoch
FEC parameter selection (pacing, spreading span, redundancy)
as MINLP, and solve it sequentially with radio-layer feedback.

A. Overview of UE-Feedback-Assisted FEC

We target RTP-based real-time video communication em-
ploying Transport-Wide Congestion Control (TWCC) feed-
back [24]. TWCC reports UE-side reception timing to the
server, and enables rate adaptation at the application layer.

As shown in Fig. 2, R2AX-FEC augments TWCC with
TB (TB size and TB delivery time) and HARQ (RV and
ACK/NACK) feedback. TB size allows the sender to estimate
how many RTP packets are multiplexed within a TB. TB
delivery time approximates the per-TB service time and is
used to set packet pacing so that transmissions align with TB-
level scheduling. HARQ feedback indicates whether link-layer
errors are likely to be recovered within the latency budget and
is therefore used to scale FEC redundancy.

The server updates the FEC configuration in three steps per
scheduling epoch, i.e., per frame period. First, it sets the pacing
interval to match the effective TB delivery cadence under the
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Fig. 2: Overview of R2AX-FEC mechanism.

scheduler time granularity. Second, it selects the inter-frame
spreading span to decorrelate FEC packets from loss bursts
within the end-to-end deadline. Third, it chooses the minimum
redundancy that meets the target reliability within the coding-
rate bounds. When inter-frame spreading is enabled, FEC
packets from older frames are first assigned to evenly spaced
slots for temporal dispersion; the current frame’s data packets
then fill the remaining slots. To capture bursty residual TB
losses, we model the channel as a two-state Gilbert–Elliott
(GE) process [11] and estimate its parameters online via
Bayesian updating with a forgetting factor [12].

B. System Model

1) Packet and TB Model: We consider a downlink video
stream with frame rate V fps and frame period Tfr=1/V . Let
R bps denote the transmission rate budget, including both data
and FEC packets. With fixed packet size L bytes, the number
of outgoing packets in one frame period is

Ntotal =

⌈
R · Tfr

8 · L

⌉
. (1)

Each frame is independently encoded with an MDS code. Let
Kt denote the number of FEC packets allocated to protect
frame t, with 0≤Kt≤Ntotal. Under the uniform steady-state
allocation assumed throughout (Kt identical across all t), these
Kt FEC packets are evenly dispersed into the transmission
slots of the subsequent (F − 1) frames within an F -frame
spreading window. Let K = FKt be the total FEC count in
the window. Accordingly, the number of data packets of frame
t is Ntotal −Kt. Over the window, a total of NF =FNtotal

packets are transmitted, among which K are FEC packets and
NF −K are data packets. The redundancy ratio (fraction of
FEC packets) satisfies

ρmin ≤ ρ =
K

NF
≤ ρmax. (2)

At the RAN, packets are scheduled into TBs with effective
size Z bytes (Z≥L). We adopt a no-splitting approximation:
a packet is placed entirely into one TB (otherwise deferred to
a later TB). This assumption is consistent with prior studies
that map each packet to the smallest TB size capable of
carrying the packet plus fixed overhead bits prior to radio
scheduling [25]. Then each TB is approximately modeled to
carry

mTB = max

(
1,

⌊
Z

L

⌋)
(3)

packets, and the Ntotal packets of a frame are mapped onto

GTB =

⌈
Ntotal

mTB

⌉
(4)



TBs. Thus, if a TB fails to be decoded by the deadline, all
packets carried in that TB are lost.

2) HARQ Process Model: Each failed TB is retransmitted
by HARQ with up to four attempts (RV0–RV3) and round-trip
time THARQ. Let qi =Pr(NACK | RV = i, reached) denote
the conditional NACK probability at RV i given that RV i is
reached. A TB is regarded as lost if decoding is not completed
within the radio-channel deadline budget Dlink. The number
of feasible HARQ attempts within Dlink is

mD = min

(
4, 1 +

⌊
Dlink

THARQ

⌋)
, (5)

yielding the deadline-aware residual TB loss probability

pTB(Dlink) =

mD−1∏
i=0

qi. (6)

3) Gilbert–Elliott Channel Model: Due to the RAN dy-
namics, residual TB losses are temporally correlated; we
model them over pacing opportunities spaced by τ (aligned
with TB scheduling) using a two-state GE hidden Markov
model (HMM) with Sn ∈ {G,B}. Conditioned on Sn=s,
post-HARQ TB loss is Bernoulli with probability ps(Dlink)
(pB>pG), yielding pTB(Dlink)=πGpG(Dlink)+πBpB(Dlink).

Its state transitions follow a continuous-time Markov chain
with rates λGB and λBG [11]. Sampling every τ yields

a(τ) = Pr(G→B) =
λGB

λGB + λBG

(
1− e−(λGB+λBG)τ

)
, (7)

b(τ) = Pr(B→G) =
λBG

λGB + λBG

(
1− e−(λGB+λBG)τ

)
. (8)

For small τ , a(τ)≈λGBτ and b(τ)≈λBGτ , making the
reliability constraint nonlinear in τ through a(τ) and b(τ).

The parameters θ = (λGB , λBG, pG, pB) are updated on-
line via Bayesian power-prior updating [12] with conjugate
Gamma priors on (λGB , λBG) and Beta priors on (pG, pB);
latent states are inferred by HMM filtering/smoothing, enforc-
ing pB>pG to prevent label switching [26].

C. Problem Formulation

We determine the pacing interval τ , the inter-frame spread-
ing span F (in frames), and the FEC redundancy K for each
scheduling epoch Tfr. A pacing opportunity corresponds to
one scheduled TB transmission at the RAN, and the TB-
level transmission timeline is modeled as a sequence of such
opportunities spaced by τ . The minimum feasible spacing is
bounded by the RAN scheduling granularity ∆sched.

The number of pacing opportunities per frame is

S(τ) =

⌈
Tfr

τ

⌉
, (9)

so the total number of opportunities over an F -frame window
is Stot=F · S(τ). We focus on the backlogged regime; when
inter-frame spreading is active (F>1), up to F−1 opportunities
are reserved for FEC packets from other frames, and the
remaining opportunities carry the frame’s data packets.

Recall NF =F ·Ntotal and ρ=K/NF . We solve

min
K, τ, F

ρ =
K

NF
(10)

s.t. τ ≥ ∆sched (C1)

Algorithm 1: R2AX-FEC Parameter Selection

Input: ∆̂TB, Ẑ, Dguard, θ
Output: τ , F , Kt

/* Step 1: Fix pacing interval */
1 mTB ← max(1, ⌊Ẑ/L⌋); GTB ← ⌈Ntotal/mTB⌉;
2 τ ← max

(
∆sched, ∆̂TB

)
;

3 S(τ)← ⌈Tfr/τ⌉;
4 if GTB > S(τ) then return (τ, 1, 0);
/* Step 2: Determine spreading span */

5 b← b(τ) via Eq. (8);
6 lburst ←

⌈
log(1−ξburst)/ log(1−b)

⌉
;

7 Fburst ← 1 + ⌈lburst · τ / Tfr⌉;
8 Fddl ← 1 + ⌊(Dmax −Dguard − (S(τ)− 1)τ) / Tfr⌋;
9 if Fddl < 1 then return (τ, 1, 0);

10 F ← min(Fburst, Fddl);
/* Step 3: Minimize FEC redundancy */

11 Kt,min ← ⌈ρmin ·Ntotal⌉; Kt,max ← ⌊ρmax ·Ntotal⌋;
12 K∗

t ← Kt,max;
13 binary-search min. Kt∈ [Kt,min,Kt,max] s.t. ˆ̄Pfail(Kt)≤εfail;
14 if feasible Kt found then K∗

t ← Kt;
15 return (τ, F, K∗

t );

NF ≤ mTB · Stot, Stot = F ·
⌈
Tfr

τ

⌉
(C2)

(F−1)Tfr + (S(τ)−1) τ +Dguard ≤ Dmax (C3)

P̄fail

(
K, F ; τ

)
≤ εfail (C4)

ρmin ≤ K

NF
≤ ρmax (C5)

K ∈ Z≥0, F ∈ Z≥1, τ ∈ R>0. (C6)

(C1)–(C2) enforce scheduling granularity and packing feasi-
bility. (C3) enforces the end-to-end deadline: because FEC
packets are spread across F frames, the last FEC packet
protecting a given frame is placed in a slot up to (F−1)Tfr

later; within that epoch, it may occupy any of the S(τ) evenly
spaced pacing slots, so its worst-case position is (S(τ)−1)τ
from the epoch start; together with the guard margin, the total
must not exceed Dmax. (C4) imposes the reliability target
(see § IV-D2, Appendix A); (C5)–(C6) bound redundancy and
variable domains.

The guard margin in (C3) is the remaining non-radio one-
way delay and the worst-case HARQ retransmission time:

Dguard = OWD+ (mD − 1)THARQ, (11)

where OWD is the non-HARQ one-way delay and (mD−
1)THARQ is the maximum additional time when delivery
occurs at the last feasible HARQ attempt.

The formulated problem is regarded as a nonconvex
MINLP [27] with integer variables (K,F ) and a continuous
variable τ because (C4) evaluates GE/HMM-based reliability
with transition probabilities a(τ) and b(τ), and (C2) introduces
a ceiling term via Stot = F ⌈Tfr/τ⌉. Consequently, global
optimization is computationally intractable in general [27].

D. Decomposition Algorithm with Radio-layer Observations

We decompose the problem into three sequential steps in Al-
gorithm 1 by fixing (τ, F,Kt). The resulting parameters then
drive the per-epoch transmission schedule described below.
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Fig. 3: Estimated execution time vs. bitrate across M in Algorithm 1.

1) Algorithm Details: Step 1: Fix τ (lines 1–4). The per-
TB packet count mTB is obtained from the posterior mean
TB size Ẑ, yielding the per-frame TB count GTB. The pacing
interval is set to τ=max{∆sched, ∆̂TB}, where ∆sched is the
scheduling granularity (C1) and ∆̂TB is the posterior mean TB
delivery interval. Fixing τ eliminates the continuous variable
and reduces the problem to an integer search over (F,Kt). If
GTB>S(τ), (C2) is violated and Kt is set to 0.

Step 2: Determine F from burst analysis (lines 5–10).
Under the continuous-time GE model, b(τ) (B→G) governs
burst duration while a(τ) (G→B) governs burst frequency.
Since the spreading span must outlast a single burst, this step
uses only b(τ): a Bad-state run is geometric with parameter
b(τ) from Eq. (8), and the algorithm computes lburst, its
ξburst-quantile, to obtain Fburst. The effect of a(τ) on burst
frequency is captured in Step 3 through the full GE-based
reliability evaluation. Meanwhile, Fddl is the largest span
that satisfies the end-to-end deadline (C3). The final span is
F=min(Fburst, Fddl); if Fddl<1, return F=1, Kt=0. If the
feasibility checks in Steps 1 or 2 fail, the algorithm falls back
to a no-FEC mode outside the constrained problem.

Step 3: Find the minimum feasible Kt (lines 11–15).
With (τ, F ) fixed and uniform allocation K = F · Kt,
the algorithm seeks the minimum per-frame FEC count Kt

within the redundancy bounds ρmin ≤ Kt/Ntotal ≤ ρmax

(equivalent to (C5)) such that the tail-averaged failure prob-
ability ˆ̄Pfail(Kt) (§ IV-D2) meets the reliability target (C4).
Each candidate Kt determines the per-frame loss-tolerance
threshold Yt = ⌊Kt/mTB⌋; frame failure is decomposed into
correlated data-TB losses (GE Markov–binomial DP) and
dispersed FEC-TB losses (binomial), and the window failure
probability is upper-bounded by F ·P frame

fail via the union bound
(Appendix A). Because ˆ̄Pfail(Kt) is non-increasing in Kt, K∗

t

is found by binary search. If even Kt,max = ⌊ρmaxNtotal⌋ is
infeasible, the algorithm sets K∗

t =Kt,max.
Complexity. Steps 1–2 are O(1); Step 3 runs O(log(Kt,max

−Kt,min+1)) binary-search iterations. Each iteration evaluates
ˆ̄Pfail(Kt) from M posterior samples, each requiring a per-
frame Markov–binomial DP over Gd data TBs with threshold
Yt (Appendix A), yielding the per-epoch complexity

O(M ·Gd · Yt · log(Kt,max −Kt,min + 1)) . (12)

Figure 3 shows a baseline execution time Tbase = Nflop

/Pscalar following the roofline model [28], where Nflop counts
14 FLOPs per DP cell update and Pscalar=12 GFLOPS is the
scalar per-core throughput [29], using the same parameters as
in § VI-A. Because the per-frame DP operates on Gd TBs
of a single frame, Tbase is independent of the spreading span
F and scales linearly with M . Even with M =500 posterior
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Fig. 4: Overview of A2RX-HARQ mechanism.

samples, the ratio Tbase/Tfr stays below 1% over 5–30 Mbps
at 60 fps, confirming the feasibility of per-frame invocation.

Transmission policy. With (τ, F,Kt) determined, packets
are transmitted at pacing interval τ . When inter-frame spread-
ing is enabled (F >1), FEC packets from older frames are first
assigned to evenly spaced pacing slots for temporal dispersion;
the current frame’s data packets then fill the remaining slots.

2) Robust Bayesian Reliability Constraint: To robustly
account for posterior uncertainty, we evaluate the reliability
constraint via a tail-averaged failure probability—the mean of
Pfail(θ) over its pessimistic upper-tail posterior realizations T ,
analogous to conditional value at risk [30]:

ˆ̄Pfail(Kt) =
1

|T |
∑
s∈T

P
(s)
fail(Kt), (13)

where each P
(s)
fail(Kt) is evaluated via the DP in Appendix A

for the s-th posterior sample θ(s).

V. APPLICATION-TO-RADIO CROSS-LAYER HARQ

This section introduces A2RX-HARQ, which enables UE-
initiated early termination of HARQ retransmissions at the ap-
plication layer. This indirectly relaxes the deadline constraint
imposed on R2AX-FEC. We also discuss its implementation
compatibility within the 3GPP architecture.

A. Ternary Feedback and Decision Logic

As illustrated in Fig. 4, A2RX-HARQ extends the HARQ
feedback decision from the binary set {ACK,NACK} to
the ternary set {ACK,NACK,SKIP}, allowing UE-initiated
early termination when additional retransmissions are redun-
dant or useless from the application-layer perspective. The UE
may issue SKIP on a NACK candidate when either of the
following triggering conditions holds:

• Recovery Complete: The UE has already recovered the
entire frame to which the unsuccessfully decoded TB pay-
load belongs. Since each frame is independently MDS-
coded, frame t becomes decodable once any Ntotal−Kt

out of its Ntotal packets are obtained, where Kt denotes
the number of FEC packets allocated to frame t. After
recovery, retransmission of the remaining packets of that
frame is unnecessary.

• Deadline Expired: The feedback time exceeds the dead-
line tf+Dmax, where tf is the frame generation time.
Packets arriving after Dmax provide no utility for live
rendering.



Algorithm 2: Channel-Aware UE-side SKIP Gating
Input: HW , τch
Output: UE feedback ∈ {SKIP,NACK}

1 decide← RECOVERYCOMPLETE(·) ∨ DEADLINEEXPIRED(·);
2 if ¬ decide then return NACK;

3 p̂fail ←
1

|HW |
∑

c∈HW
⊮[c=corrupt];

4 if p̂fail ≥ τch then return NACK;
5 return SKIP;

A SKIP candidate is actually emitted only when neither of
the following suppression rules overrides it:

• Multi-frame TB rule: R2AX-FEC pacing places each
frame’s packets into separate TBs whenever feasible. If
a TB contains packets from multiple frames, SKIP is
emitted only when all those frames are unnecessary;
otherwise, it is withheld to avoid stopping retransmissions
still needed by other frames.

• Channel-aware rule: The freed process is often reas-
signed to a new TB, whose initial transmission is also
likely to fail, causing further HARQ retransmissions and
consuming the resources that SKIP was meant to save.
Therefore, the UE tracks corruption indicators over a
sliding window HW of the last W TB receptions and
uses the empirical failure rate p̂fail as a coarse measure
of channel degradation. If p̂fail ≥ τch, SKIP is deferred
and NACK is sent instead, keeping the process active
until the channel recovers (see Algorithm 2).

B. Deadline Constraint Relaxation for R2AX-FEC

In the baseline model of Eq. (11), the margin is set for the
worst case where the last TB succeeds only on the final HARQ
attempt. With MDS coding, however, a frame is decodable
once any Ntotal−Kt of its Ntotal packets are received, so the
completion time is determined by the (Ntotal−Kt)-th earliest
delivery rather than the worst case. Let Ti =OWD + (Hi −
1)THARQ denote the delivery time of packet i, where Hi ∈
{1, . . . ,mD} is its HARQ attempt count (Hi = ∞ if lost).
The per-frame FEC recovery time is the (Ntotal−Kt)-th order
statistic

TFEC = T(Ntotal−Kt) = min
S⊆{1,...,Ntotal}
|S|=Ntotal−Kt

max
i∈S

Ti. (14)

Accordingly, the guard margin can be tightened to
D′

guard = OWD+ (H(Ntotal−Kt) − 1)THARQ, (15)

where H(Ntotal−Kt) is the HARQ attempt count of the packet
delivered at T(Ntotal−Kt). Assuming, for tractability, an i.i.d.
first-attempt success probability pack,

E[H(Ntotal−Kt)] ≲ 1 +
(1− pack)(Kt + 1)

Ntotal · pack
, (16)

yielding, e.g., E[H(Ntotal−Kt)] ≈ 1.04 for pack ≈ 0.9 and
Kt/(Ntotal−Kt)≈0.3 in the typical case observed in § VI-D.
The expected deadline reduction is
∆D = Dguard−D′

guard ≈
(
mD−E[H(Ntotal−Kt)]

)
THARQ, (17)

which relaxes (C3) and increases the maximum admissible
inter-frame spreading span by ∆F = ⌊∆D/Tfr⌋ frames. In

practice, Kt in (15) is taken from the previous epoch to avoid
circularity with Step 3 in Algorithm 1.

However, exploiting the tighter margin requires that HARQ
processes still retransmitting TBs of the recovered frame are
released promptly. Without A2RX-HARQ, these processes
continue retransmitting until mD attempts, competing with
new TBs, including the additional FEC packets enabled by
the expanded F , for HARQ processes and radio resources.
A2RX-HARQ resolves this contention by terminating these
processes at TFEC via SKIP, making the relaxed margin
D′

guard practically achievable.
While A2RX-HARQ does not modify the form of (C4),

P̄fail

(
K, F ; τ

)
≤εfail, the expanded feasible range of F pro-

vides greater temporal dispersion of FEC packets across
frames, enabling the same εfail to be met with smaller re-
dundancy Kt and hence lower FEC overhead.

C. Discussion on Implementation Feasibility

The XR-related 3GPP specification [31] provides per-frame
metadata, including identifiers and boundary indicators, which
the RAN uses to associate HARQ processes with frames.
When SKIP is received for a TB, the RAN uses this mapping
to release the relevant HARQ processes. The UE also relies
on the same metadata to determine whether a TB contains
packets from multiple frames when applying the multi-frame
TB rule in § V-A.

SKIP has the same loss semantics as NACK: the RAN
treats the TB as not received, ensuring that link adaptation
observes accurate error statistics. If SKIP were encoded as
ACK, it would inflate success counts, drive link adaptation
toward overly aggressive settings, and increase the actual
TB error rate in later transmissions. Unlike NACK, SKIP
also signals “do not retransmit,” which the HARQ scheduler
must honor while still counting the TB as lost. Under the
existing 3GPP HARQ feedback framework [2], this is achieved
by sending NACK on the feedback channel and conveying
retransmission cancellation through the cross-layer interface
described below. This separation may cause one redundant
retransmission before cancellation takes effect. Defining SKIP
as a distinct feedback value would combine both signals into
one message and remove this overhead.

The cross-layer interface between the UE radio and ap-
plication layers enables the execution of Algorithm 2. The
radio layer provides per-TB corruption indicators for HW

and HARQ feedback context to the application layer, which
evaluates the SKIP conditions and suppression rules in § V-A.
The resulting decision is then passed back to the radio layer
for inclusion in the next HARQ feedback occasion. Although
this interface is implementation-specific and outside the scope
of 3GPP standardization, prior work [13] has demonstrated
application–radio signaling in a 3GPP-compliant system.

VI. EVALUATION

This section evaluates R2AX-FEC and A2RX-HARQ (with
SKIP feedback) using ns-3 simulations with the 5G-LENA
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orange and pink plots represent R2AX-FEC and R2AX-FEC combined with A2RX-HARQ, respectively. PLR labels on the None
curve denote the mean packet loss rate.
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TABLE I: Key simulation parameters

Item Value

Topology 1 gNB; 1 UE with a random walk
Runs / Seeds 30 runs with different seed values
Duration 120 s

Carrier / Bandwidth 3.5 GHz, 100 MHz
Numerology µ=0 (15 kHz)
Beamforming Quasi-omni direct path
Base station antenna 4×8
UE antenna 2×4
Tx power gNB 42 dBm; UE 30 dBm
Error model NR-EESM-IR (Table 1) [32]
Radio-layer retrans. DL: HARQ only, UL: HARQ & ARQ
Backhaul delay 10 ms one-way delay

module [14]. We also assess the contribution of each compo-
nent in Algorithms 1 and 2, and discuss their limitations. Our
key findings are:

• Both mechanisms significantly reduce the frame loss rate,
including deadline violations, compared with conven-
tional FEC schemes such as Bolot [16] and USF [17],
by adapting the FEC configuration to radio conditions.

• Both mechanisms achieve frame recovery with substan-
tially lower redundancy, while matching the performance
of the high-redundancy configuration in WebRTC [18].

A. Evaluation Setup

We use cloud gaming as a representative RTP application, as
it imposes strict requirements on both latency and throughput.
The target configuration is a downlink rate of R = 20 Mbps,

a frame rate of V = 60 fps, and an end-to-end deadline
of Dmax = 100 ms [33]. The server transmits RTP packets
of L = 1400 bytes and applies FEC with redundancy-ratio
bounds of ρmin = 0.1 and ρmax = 0.5. We set the reliability
target to εfail = 0.1, the burst quantile to ξburst = 0.99 to ex-
clude only extreme tail bursts, and the number of Monte Carlo
posterior samples in Algorithm 1 to M = 200. The channel-
quality threshold used in Algorithm 2 is set to τch = 0.25.

Table I summarizes the RAN parameters. We simulate a
single UE connected to a single base station. This setting
represents a preferentially managed UE, for example, through
network slicing, and allows us to isolate the effects of channel
impairments and redundancy adaptation. The UE follows a
random-walk mobility model within an annular region cen-
tered at the base station, moving at a constant speed of 3 m/s
with a pause time of 1 s between direction changes. For the
low-loss operating point, where the PLR is 0.63%, the inner
and outer radii are set to 80 m and 120 m, respectively. For
the middle-loss operating point, where the PLR is 2.1%, they
are set to 130 m and 170 m, respectively.

At the radio layer, HARQ is used as the downlink retrans-
mission mechanism, while uplink automatic retransmission
request (ARQ) is enabled to ensure reliable feedback delivery.
We evaluate two channel scenarios, Urban Micro (UMi) and
Urban Macro (UMa) [14]. Degraded radio conditions are
modeled using a wireless error model in which the packet loss
rate (PLR) increases with the distance between the UE and the
base station. More specifically, downlink transport blocks are
decoded using the 5G radio link-to-system error model with
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incremental-redundancy combining [32]. LOS/NLOS transi-
tions follow a two-state Markov channel-condition model [34],
with mean LOS and NLOS durations of 2.0 s and 0.05–0.5 s,
respectively. This setting produces realistic burst-loss patterns
that the proposed FEC adaptation scheme must handle.

B. Trade-off between Frame Recovery and Redundancy

Figures 5 and 6 show the mean and P95 frame loss rates
(FLRs), including deadline violations, against the average FEC
redundancy ratio in the UMi and UMa scenarios. The None
policy disables FEC. For each PLR setting, all policies are
evaluated at the same UE–base-station distance, calibrated
from the PLR observed under None.

Bolot and USF maintain nearly constant redundancy (10–
13%) regardless of channel conditions, so their FLR remains
close to None in both scenarios. In UMi at PLR = 5.1%, both
reduce the mean FLR by less than one percentage point from
None (7.7%), and their P95 FLR stays near 10%; the same
pattern holds in UMa. These results confirm that loss-rate-only
adaptation cannot track burst losses effectively.

In contrast, WebRTC and R2AX-FEC scale redundancy
with PLR, but R2AX-FEC achieves comparable or better
recovery with less overhead. In UMi at PLR = 5.1%, R2AX-
FEC matches WebRTC’s mean FLR (4.1%) using roughly
8 percentage points less redundancy (27% vs. 35%), and
its P95 FLR (6.1%) undercuts WebRTC’s (7.3%). In UMa
at PLR = 5.3%, R2AX-FEC reduces WebRTC’s P95 FLR
from 9% to 7.3% while cutting redundancy from 41% to
32%, confirming that channel- and deadline-aware allocation
handles burst-induced tail losses more efficiently.

Adding A2RX-HARQ further shifts the trade-off in both
scenarios. In UMi, it reduces redundancy from 27% to 24.5%
at PLR = 5.1% while keeping the P95 FLR near 6.1%,
and achieves a mean FLR of 0.7% with 17% redundancy
at PLR = 0.63% (versus 21% for WebRTC). In UMa at
PLR = 5.3%, the combination achieves the lowest P95
FLR among all schemes (6.65%), roughly halving None’s
12.2%, while using far less redundancy than WebRTC. These
gains reflect the SKIP mechanism’s ability to reclaim HARQ
deadline budget for inter-frame spreading.

Note that, since Algorithm 1 returns Kt = 0 when pacing is
infeasible, or the remaining deadline margin is insufficient, the

reliability target εfail should be interpreted as a design target
under feasible transmission conditions.

C. Effectiveness of Proposed Algorithm Steps

We assess the impact of Steps 1–3 in Algorithm 1 in UMi
scenario for R2AX-FEC and A2RX-HARQ at PLR=2.1%.

1) TB Separation by Pacing: Figure 7 shows the time-series
error between the planned number of TB groups GTB and the
observed TB count per frame over a 120-second simulation.
Both signals are smoothed using a 10-frame centered moving
average. The shaded bands indicate that 87% of the averaged
error lies within ±1 and 95% within ±2. Overall, the proposed
algorithm produces TB groups that closely track the planned
GTB.

The remaining deviation is mainly due to scheduler-
dependent merging/splitting of TBs under time-varying chan-
nel and resource conditions, and per-frame updates of GTB

versus slot-level TB allocation. Nevertheless, the strong con-
centration around zero indicates that the packet-level pacing
plan is largely preserved at the radio layer, supporting the
feasibility of the proposed TB group partitioning.

2) FEC Redundancy across HARQ NACK rates: Figure 8
presents the distribution of the selected FEC redundancy Kt

with respect to the recent HARQ NACK rate, defined as
the 10-frame rolling mean of the per-frame TB failure rate
observed at the FEC-decision time. The samples are divided
into five NACK-rate bins: < 3%, 3–5%, 5–10%, 10–20%, and
> 20%.

These results demonstrate that Kt increases monotonically
with the recent NACK rate across the full dynamic range of the
algorithm, Kt∈ [3, 15]. In the low-NACK regime, Kt remains
at its lower bound, yielding a redundancy ratio of 10% and
avoiding over-provisioning under stable channel conditions.
As the NACK rate increases, Kt grows approximately lin-
early until the ρmax ceiling becomes active for NACK rates
above 20%. The widening interquartile range observed in the
moderate-NACK bins, i.e., 3–20%, reflects variations in burst
severity and the confidence-aware margin within each bin.

3) Inter-Frame Spreading: Figure 9 shows the contribution
of inter-frame spreading through a counterfactual analysis of
the 608 frames requiring packet recovery. For each frame, we
compare the recovery outcome with and without inter-frame
FEC packets. Inter-frame spreading improves the recovery rate



TABLE II: A2RX-HARQ outcome breakdown per HARQ process.

Outcome Percentage
Recovery Complete 5.6%
Deadline Expired 94.4%

TABLE III: HARQ RV at which SKIP feedback is issued.

RV version Percentage
RV0 58.2%
RV1 40.8%
RV2 1.0%

from 86.5% to 94.4%, thereby reducing residual frame loss.
The rescued frames are concentrated at intra-only recovery
ratios between 0.55 and 0.95, indicating moderate-to-severe
within-frame losses that are compensated for by FEC packets
arriving in later frames. Overall, inter-frame FEC spreading
provides temporal diversity that complements intra-frame re-
dundancy and improves robustness against burst losses.

D. Analysis of A2RX-HARQ Effectiveness

Tables II and III show how the SKIP feedback in A2RX-
HARQ terminates HARQ retransmissions, based on 30 UMi
runs at PLR = 5.1%. As shown in Table II, most terminations
are deadline-driven: 94.4% occur because the deadline of
the corresponding frame has already expired. SKIP feedback
is also issued early in the HARQ process, with 58.2% of
terminations at RV0, 40.8% at RV1, and only 1.0% at RV2,
as shown in Table III.

A2RX-HARQ can be viewed as a UE-triggered active queue
management mechanism for the HARQ buffer. Rather than
allowing retransmissions to continue after they can no longer
meet the deadline, the UE explicitly signals the network to stop
them, in the same spirit as CoDel [35]. Given the tight end-to-
end constraint of Dmax=100 ms, once a TB has consumed too
much of the deadline budget, further HARQ retransmissions
are guaranteed to arrive too late. The channel-aware predicate
in Algorithm 2 therefore terminates such attempts before they
waste additional radio resources.

The fact that 99.0% of SKIP events occur at RV0 or RV1
shows that the threshold τch = 0.25 identifies unpromising
retransmissions early. This frees both radio resources and
deadline budget, allowing R2AX-FEC to spread FEC pack-
ets more effectively across subsequent frames. By reducing
the HARQ-induced guard margin in Eq. (11), A2RX-HARQ
increases the feasible inter-frame spreading span F , which
helps later FEC packets arrive before Dmax. This mechanism
explains the P95 FLR gains observed in Figs. 5 and 6.

E. Discussion

Rate–redundancy coupling. Our evaluation fixes the sending
rate at 20 Mbps and optimizes only (τ, F,Kt). In practice,
congestion control adjusts R; for example, Google Congestion
Control (GCC) [36] adapts R ≈ 10–30 Mbps in response
to feedback and reduces frame loss, as shown in Table IV.
Moreover, existing congestion-control algorithms may over-
throttle R and still fail to act proactively before losses occur;

TABLE IV: Comparison of UMi scenario in Fig. 5: without conges-
tion control (w/o CC) vs. GCC.

Frame Loss (%) Throughput (Mbps)

PLR (%) w/o CC GCC w/o CC GCC

0.07 0.05 0.04 20.0 22.1
0.63 0.70 0.63 20.0 16.4
2.1 1.70 1.25 20.0 13.2
3.6 3.30 2.38 20.0 11.7
5.1 4.10 3.15 20.0 10.1

joint optimization of R and ρ is a promising direction to
further improve the redundancy–recovery trade-off.

Non-dedicated scheduling. The TB separation by pacing
assumes a dedicated-resource slice, as provisioned by a net-
work slice with resource isolation [15]. In non-dedicated de-
ployments, e.g., multi-UE scheduling, contention can increase
variability in TB delivery timing, degrading the accuracy of the
pacing interval τ estimated in Step 1 and, in turn, the GE-based
reliability evaluation. Since such scheduling dynamics are
hard to capture in closed form, reinforcement-learning-based
approaches that learn a mapping from radio-layer observations
to near-optimal FEC decisions can be a promising extension.

Frame-importance awareness. Our design uses a uniform
reliability target εfail for all frames, although frame importance
varies (e.g., losing an I-frame propagates errors to subsequent
P/B-frames). Adapting εfail and the packet budget, including
data packets, by frame type is a natural extension within our
formulation to improve the redundancy–quality trade-off.

VII. CONCLUSION

We identified three challenges in coordinating application-
layer FEC with radio-layer HARQ—loss structure mismatch,
objective mismatch, and uncoordinated control—and proposed
R2AX-FEC and A2RX-HARQ, a two-way cross-layer mech-
anism that jointly addresses them. R2AX-FEC determines
pacing, inter-frame spreading, and FEC redundancy via a
decomposition guided by Bayesian-estimated Gilbert–Elliott
channel parameters based on UE radio-layer feedback. A2RX-
HARQ enables UE-initiated early HARQ termination, relaxing
deadline constraints and expanding the feasible FEC parameter
space. ns-3 simulations show that the mechanism reduces
frame loss relative to Bolot and USF while matching WebRTC
recovery with less redundancy.

Ongoing work extends the mechanism to non-dedicated
scheduling with shared radio resources among multiple UEs.
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APPENDIX

Each frame is independently MDS encoded with a per-frame
allocation of Kt FEC packets (K=F ·Kt). The per-frame loss-
tolerance threshold in TB units is Yt=⌊Kt/mTB⌋. A frame



fails if the number of lost TBs carrying its data and FEC
packets exceeds Yt.

Within each frame, Gd=⌈(Ntotal − Kt)/mTB⌉ TBs carry
data packets (data TBs). We model these Gd TBs as consecu-
tive under the GE process; this conservatively neglects the few
interleaved FEC slots, overestimating loss correlation. Their
loss count can then be evaluated via a Markov–binomial DP:

Pr(dt = d) = fGd
(G, d) + fGd

(B, d), (18)

where fn(s, k) denotes the probability that after n transmis-
sions the GE state is s∈{G,B} and exactly k losses have
occurred; the recursion follows the standard Markov–binomial
forward algorithm [37].

The ⌈Kt/mTB⌉ FEC TBs are spread over transmission slots
of other frames within the spreading window. Because these
slots are separated by epoch Tfr, their losses are approximately
independent under the GE stationary distribution, yielding
et ∼ Binomial

(
⌈Kt/mTB⌉, p̄

)
, p̄ = πGpG + πBpB . (19)

The per-frame failure probability is then

P frame
fail =

Gd∑
d=0

Pr(dt = d) · Pr(et > Yt − d), (20)

and the window failure probability is upper-bounded by the
union bound: Pfail ≤ F · P frame

fail .
Since each frame tolerates up to Kt packet losses under

MDS coding, the exact failure probability is non-increasing in
Kt. The TB-level evaluation (20) conservatively upper-bounds
this by quantizing losses at TB granularity (Yt=⌊Kt/mTB⌋);
hence, binary search on ˆ̄Pfail(Kt) in Step 3 yields a feasible,
near-minimal Kt. The DP runs in O(Gd · Yt) per sample.
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