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Abstract

Time-Sensitive Networking (TSN) guarantees bounded end-to-end latency for industrial and vehicular traffic, yet wireless
and PLC edge segments suffer dynamic channel degradation that makes static FIFO buffering suboptimal: stale packets
occupying the head of a FIFO queue inflate Age of Information (Aol) and violate deadlines exactly when the channel is
weakest. This paper proposes a zero-copy, hysteresis-gated adaptive buffer architecture that dynamically reconfigures
its logical discipline between FIFO and LIFO operation without physically moving stored bytes. The design is built
around a dual-granularity SRAM core (512x8 low-granularity and 64x32 high-granularity banks) with shared pointer
logic, an end-of-packet (EOP) boundary-gating mechanism that guarantees packet atomicity during mode transitions,
and a four-state finite-state machine (FSM) implementing dual-threshold hysteresis so that the buffer never oscillates
between disciplines under fluctuating occupancy. A closed-form Age of Information model is derived for hybrid FIFO/
LIFO service, showing that the proposed architecture reduces mean Aol by up to 38.7% and the 99th-percentile Aol
by 51.2% versus a pure FIFO queue under Gilbert-Elliott channel degradation, at the cost of a bounded out-of-order
delivery set that is resolved by the EOP gating stage. Synthesis on a Xilinx Artix-7 xc7a200¢ device closes timing at 250
MHz (4.00 ns critical path) with 1,842 LUTs and 1,150 registers, and RTL verification against a golden reference model
achieves 100% coverage of the defined functional plan with zero mismatches. Congested-link experiments demonstrate a
27.9% reduction in deadline-violating packet drops and a 22.4% reduction in jitter compared with static FIFO buffering.
The results indicate that zero-copy adaptive buffering is a practical, resource-light mechanism for resilient TSN ingress
under time-varying link quality.

Keywords: Time-Sensitive Networking (TSN), Age of Information (Aol), Adaptive Buffer Architecture, FIFO/LIFO Switching,
Hysteresis-Gated Control, Zero-Copy Data Movement, Dual-Granularity SRAM, End-of-Packet Boundary Gating, Finite-State Machine
(FSM), FPGA RTL Verification, Dynamic Channel Degradation, Industrial Ethernet, Jitter Reduction, Congestion Control, Hardware

Synthesis

I. Introduction

The proliferation of deterministic communication paradigms
such as Time-Sensitive Networking (TSN) has redefined the
latency and jitter requirements of industrial automation, in-vehicle
networking, and tactile Internet systems [1]. TSN bridges guarantee
worst-case delivery latencies on wired segments, but the final
hop frequently traverses a non-deterministic medium - industrial
wireless, power-line communication, or a shared backplane -
whose quality fluctuates on millisecond timescales. When the
channel degrades, the egress service rate drops, the ingress buffer

fills, and a conventional FIFO queue begins to transmit the oldest
stored bytes first, even when those bytes have already exceeded
their application-level freshness deadline. The consequence is a
well-known pathology in real-time systems: stale data delays fresh
data, and the Age of Information (Aol) at the destination grows
precisely when the network is least capable of recovering [2].

A natural countermeasure is to switch the buffer discipline to
LIFO (last-in, first-out) under degradation, so that the freshest
packet is always served next. Pure LIFO, however, introduces two
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problems. First, it is unfair to packets already buffered, which may
starve and be dropped wholesale. Second, a naive mode switch
that physically relocates stored bytes costs both silicon (extra read/
write ports) and time (a burst of memory traffic exactly during
congestion). Furthermore, an instantaneous threshold trigger
on buffer occupancy causes mode chattering: occupancy hovers
around the threshold, and the buffer oscillates between FIFO and
LIFO, corrupting packet atomicity.

This paper presents a Zero-Copy Hysteresis-Gated Adaptive
FIFO/LIFO Buffer Architecture (ZHG-AB) that resolves these
three problems simultaneously. Its contributions are:

i.  Zero-Copy Discipline Adaptation. The buffer never moves
stored bytes when switching between FIFO and LIFO logical
order. Only the read pointer base and direction flag change, so
a mode transition completes in a single clock cycle with no
memory traffic and no atomicity violation.

ii. Dual-Threshold Hysteresis Control. A four-state finite-
state machine with an upper threshold Theta H and a lower
threshold Theta L (Theta L < Theta H) gates mode changes,
provably eliminating chattering for any input process whose
occupancy increments are bounded by the service quantum.

iii. EOP Boundary Gating. A packet-granular end-of-packet
fence guarantees that a packet already being transmitted is
completed under the discipline in which it started, so out-of-
order delivery is only ever observed at packet granularity and
is trivially resolvable by the downstream resequencer.

iv. Dual-Granularity SRAM core. Two physical banks - a
512x8 byte-wide bank and a 64x32 word-wide bank - share
the same address space via pointer logic, allowing the control
plane to trade granularity for throughput without duplicating
storage.

v. Analytical and Empirical Validation. A derived, Aol
model for hybrid FIFO/LIFO service under a Gilbert-Elliott
degraded channel is derived, and the architecture is validated
by RTL simulation (100% functional coverage, zero golden-
model mismatches), 250 MHz timing closure on Artix-7,
and congestion experiments showing 27.9% fewer deadline-
violating drops and 22.4% lower jitter than static FIFO.

The remainder of this paper is organized as follows. Section II
reviews related work. Section III details the proposed architecture.
Section IV develops the mathematical formulation and Aol
analysis. Section V reports hardware implementation and RTL
verification. Section VI presents the experimental evaluation, and
Section VII concludes the paper.

2. Related Work

A. Time-Sensitive Networking and Deterministic Buffering.
The IEEE 802.1 TSN toolbox [1] provides time-aware shapers
(802.1Qbv), credit-based shapers (802.1Qav), and frame
preemption (802.1Qbu) that regulate when a frame may be
transmitted. These standards assume an underlying queueing
structure that is essentially static: the shaper selects among
queues but does not change the internal discipline of a queue.
Deterministic wireless extensions show that wireless TSN requires

the buffer itself to react to channel state, motivating adaptive
ingress structures such as the one proposed here [3].

B. Age of Information. Aol was introduced as a destination-
centric freshness metric [2], and subsequent work characterized
optimal scheduling and buffer management for freshness [4,5].
Known results show that for a single server with random service
times, preemptive or replace-the-oldest policies minimize mean
Aol but waste effort on packets that may yet be delivered on time
[6]. Our architecture occupies a middle ground: under degradation
the buffer behaves like a replace-the-oldest (LIFO) server, while
under healthy channel conditions it reverts to work-conserving
FIFO, and the hysteresis controller bounds the transition overhead
- a cost that the pure-LIFO literature typically ignores.

C. Adaptive Queueing and Hybrid Disciplines. Hybrid
scheduling has been studied in the context of network-on-chips
(NoCs), where adaptive routers re-route flits around congested
regions, and in software-defined buffering, where queue depths
are resized dynamically [7-9]. These works adapt placement or
capacity, not the service order of an existing queue, and none
of them address packet atomicity during a discipline switch.
Closest to our work is the drop-tail versus drop-front debate in
Active Queue Management (AQM): dropping the head of a FIFO
approximates the freshness benefit of LIFO but loses delivered
bytes entirely rather than reordering them. Our design keeps every
byte deliverable while still favoring fresh packets [10].

D. Buffer Hardware and Zero-Copy Techniques. Prior FPGA
queue implementations focus on shallow asynchronous FIFOs
with gray-coded pointers, which are inherently single-discipline
[11,12]. Zero-copy data movement has been explored in DMA
engines and NIC offloads, where the payload is never replicated
between memory domains; we apply the same principle within a
single SRAM array by manipulating pointers instead of payloads,
which to the best of our knowledge has not previously been used
for discipline adaptation [13].

E. Hysteresis in Network Control. Hysteresis is a standard tool for
stabilizing control loops with quantized observations and appears
in TSN gate scheduling to avoid state flapping. We combine
hysteresis with a four-state FSM so that discipline changes are
both debounced and packet-atomic, and we quantify the resulting
Aol improvement, which prior hysteresis-based queueing work
has not done [14,15].

F. Positioning. In summary, no prior architecture simultaneously
offers (i) zero-copy FIFO/LIFO switching, (ii) dual-threshold
hysteresis with a formally specified FSM, (iii) EOP-boundary
atomicity during mode transitions, and (iv) a closed-form Aol
characterization with FPGA-synthesized, timing-closed hardware.
The present work fills this gap.

3. Proposed Architecture

The ZHG-AB comprises five cooperating subsystems: (A) the
Ingress stage, (B) the dual-granularity SRAM core, (C) the shared
Pointer Logic, (D) the four-state hysteresis FSM, and (E) the End-
of-Packet (EOP) boundary-gating unit. Figure 1 (block diagram)
shows their interconnection; all datapaths are 8 or 32 bits wide
depending on the active bank.
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A. Ingress Stage

The ingress stage accepts a byte- or word-oriented packet stream

with two sideband signals: sop (start of packet) and eop (end of

packet), the latter accompanied by an eop_empty signal indicating
the number of valid bytes in the final beat. Ingress performs three
functions:

6. Write Arbitration. When wr _en and full are both asserted
for a given bank, the write is suppressed and a drop event is
signaled. On the byte-wide 512x8 bank, writes proceed at one
byte per cycle; on the word-wide 64x32 bank, four ingress
bytes are assembled into a 32-bit word by a shift-register
gatherer, then committed in one cycle.

7. Header stamping. The first beat of each packet is tagged
with a sequence number (12 bits, wrapping) and an ingress
timestamp for Aol accounting; these control words are stored
in a dedicated 64-entry packet descriptor table, so payload
SRAM remains free of metadata.

8. Backpressure. If occupancy crosses the high watermark of
either bank, rdy is deasserted one cycle after the threshold
crossing, giving upstream sources a full-cycle pause that the
FSM hysteresis absorbs.

B. SRAM Core: 512x8 and 64x32 Dual-Granularity Banks

The core consists of two bank families sharing a unified logical

address space:

 Bank B1 - 512x8: a 512-deep, 8-bit-wide bank addressed
by a 9-bit pointer. It provides byte granularity, minimizes
fragmentation for variable-length tail bytes, and supports a
low-power idle mode in which only one bank is clocked.

*  Bank B2 - 64x32: a 64-deep, 32-bit-wide bank addressed by a
6-bit pointer. It provides four times the per-cycle throughput,
used when a packet's majority payload is word-aligned.

Bank selection is deterministic per packet: packets whose length is
a multiple of four and greater than eight bytes are steered to B2; all
others go to B1. Because both banks are addressed from the same
pointer sequence (the pointer simply increments by one in either
bank), the mode-switch logic is bank-agnostic. The total logical

capacity is 512 + 256 = 768 bytes (768 x 8 equivalent), and the
physical storage is implemented in distributed RAM (LUTRAM)
so that no BRAM block is consumed - essential for small ingress
nodes in the TSN bridge fabric.

C. Pointer Logic

Three 9-bit counters implement the pointer set:

* wr_ptr - advances on every accepted ingress beat;

* rd_ptr - the base of the current read window;

* pkt rd ptr - the read head of the packet currently being
transmitted.

The critical idea enabling zero-copy discipline adaptation is that

FIFO and LIFO are pointer interpretations, not data movements:

*  InFIFO mode, pkt_rd ptr walks forward from rd_ptr to rd_ptr
+ L p- 1 (mod512), where L p is the current packet length
from the descriptor table.

* In LIFO mode, pkt rd ptr walks backward from the most
recently completed packet base; the egress multiplexer selects
mem [rd_ptr + L p - 1 - k] for beat k, so the newest whole
packet is served first.

No byte is copied, shifted, or rewritten. A mode switch only latches
a new rd_ptr base and toggles the internal dir flag; both actions
complete in one clock cycle. Pointer wraparound is handled by
9-bit modular arithmetic for B1 and 6-bit modular arithmetic for
B2, and the standard full/empty invariants (full = MSBs differ
while lower bits are equal; empty = pointers equal) are checked
combinationally and registered for timing closure.

D. Four-State Hysteresis FSM

The control FSM has four states and two programmable thresholds:

*  Theta H: occupancy above which the FSM requests LIFO
(degradation-protection) mode;

e  Theta L: occupancy below which the FSM returns to FIFO
mode, with Theta L <Theta H (we use Theta H=0.75C and
Theta L =0.45C, where C is logical capacity).

The states are:

State Meaning

Transition condition

S0 (IDLE)

Empty or nearly empty; FIFO service

occupancy >= Theta H -> S2

S1 (FIFO_ACTIVE) Normal FIFO streaming

occupancy >= Theta_H -> S2

S2 (LIFO_ARM)

Hysteresis arm; waits for EOP of the in-flight packet

EOP observed -> S3

S3 (LIFO_ACTIVE) Freshest-packet-first service

occupancy <= Theta L -> S1

State S2 is the key to correctness: it arms the LIFO decision but
does not apply it until the current packet's EOP passes through
the egress. Consequently, no packet is ever split across disciplines,
and pointer bases remain valid for the packet in flight. Hysteresis
guarantees the FSM cannot chatter: once it enters S2 at occupancy
Theta H, it remains in S2 or S3 until occupancy falls to Theta L, a
gap of 0.30C = 230 bytes - far larger than the maximum per-cycle
occupancy increment (one packet descriptor), so no single input
event can reverse a decision.

Formally, let o t denote occupancy and m_t in {FIFO, LIFO}
the discipline. The FSM implements: m_{t+1} = LIFO if o t >=
Theta H and EOP observed; m_{t+1} = FIFO ifo t <= Theta L;
otherwise m_{t+1} = m_t. Since |o_{t+1} - o_t| <= L max (one
packet arrival) and Theta H - Theta L > L _max by design, at
most one discipline change can occur per hysteresis cycle, which
is the property we exploit in the Aol analysis of Section IV.
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E. EOP Boundary Gating

The EOP unit maintains a one-deep eop hold register. When the

FSM transitions to S3 (LIFO), the egress multiplexer is gated:

beats of the packet whose EOP has not yet been observed continue

to be drained in FIFO order until eop is asserted, after which the
multiplexer flips to the LIFO pointer chain. The gate guarantees:

9. Packet Atomicity. No packet is transmitted partly FIFO and
partly LIFO.

10. Bounded Out-of-Order Set. Only packets that were fully
buffered before the gate flips can be reordered; the downstream
resequencer (12-bit sequence numbers) needs a window of at
most W = ceil (Theta H / L_bar) packets, where L_bar is the
mean packet length.

11. Deterministic Switch Latency. The mode change takes effect
at most one maximum-packet transmission time after the
threshold crossing, a bound we measure as 152 ns in the RTL
simulation trace of Section V.

4. Mathematical Formulation & Age of Information (Aol)
Analysis

A. System Model

Packets of length L_p bytes arrive at the ingress with rate lambda
(packets/s). The egress service rate is modulated by a two-state
Gilbert-Elliott channel: in the *Good* state G the service rate is
mu_G, and in the *Bad* state B it is mu_B < mu_G, with state
transition probabilities p_GB and p_BG. The stationary Bad-state
probability is pi B=p GB/(p_GB +p _BG) [16].

Occupancy o_t evolves as o_{t+1} =max (0,0 t +a_t-s t) with
a tin{0, L plands tin {0, s G, s B} bytes per slot. The buffer
follows the FSM discipline of Section III-D.

B. Mean Aol Under Hybrid FIFO/LIFO Service

Let A(t) =t - U(t) be the Aol process, where U(t) is the generation
time of the most recently *delivered* packet. For a pure FIFO
server with load rho = lambda / mu, the well-known mean Aol is
[2]:

Delta FIFO = (1/mu) * (1 + 1/rho + rho™2 / (I - rho)).

For pure LIFO with preemption, the freshest packet is served first,
and the mean Aol is [5]:

Delta LIFO = 1/mu + (1/lambda) * (mu / (mu - lambda)), for rho
<.

Our architecture interpolates between these regimes based on the
channel state. In the Good state the FSM holds S1 (FIFO) because
occupancy stays below Theta H; in the Bad state, occupancy
crosses Theta H within T H = (Theta H - o _0)/ (lambda*L p
- s_B) slots and the buffer serves freshest-first until occupancy
decays to Theta L. Weighting the two regimes by the stationary
state probabilities gives the architecture's mean Aol:

Delta ZHG ~= (1 - pi_B) * Delta FIFONG) + pi B * Delta_
LIFO(B),

where Delta FIFONG) uses mu = mu_G and Delta LIFO\(B)
uses mu = mu_B. Two corrections make the approximation tight
for the FSM:

12. Hysteresis Dwell. During the S2 arm time the buffer still
behaves as FIFO, adding E[T_arm] = E[L_p]/s to the effective
dwell; we fold this into pi_B by replacing it with pi B eff =
pi B * (1 -E[T _arm]/E[T_B]).

13. Boundary Gating. Because of EOP gating, the first ceil(L
bar/s_B) beats of a degradation episode are still FIFO-served,
adding one mean packet time of Aol during transitions; with
mean packet time 1/lambda, the correction term is +1/lambda
weighted by the transition rate p GB * pi_G.

The net predicted reduction in mean Aol relative to static FIFO
under the same channel is

(Delta FIFO hyb - Delta ZHG) / Delta FIFO hyb = pi B * (1
- (Delta LIFO™B) + 1/lambda) / Delta FIFOB)) - pi B eff *
E[T arm]/E[T B],

which for the parameters used in Section VI (mu_B/mu_G = 0.35,
pi_B=0.4, rho = 0.7) evaluates to approximately 38.7%, matching
the measured result within 1.4 percentage points.

C. 99th-Percentile Aol and Jitter of Freshness

The tail of the Aol distribution is dominated by the Bad-state
sojourns. Under static FIFO, Aol accumulates linearly during a
Bad-state sojourn of expected length E[T B] = 1/p_BG, giving
a 99% quantile approximately Delta FIFO 99 ~= Delta FIFO _
mean + 2.33 * sigma_Delta, where sigma_Delta grows with pi B
* E[T B]"2. The ZHG-AB clips this growth: once LIFO mode
engages, the Aol of delivered packets is bounded by one service
time plus one queueing slot, so the tail truncates at Delta ZHG 99
<= Delta FIFO mean + E[T arm] + 1/lambda. The measured
99th-percentile reduction is 51.2%.

D. Drop and Atomicity Bounds

The drop probability under the FSM is bounded by the probability
that a packet arrives while occupancy exceeds Theta H during the
S2 arm window:

P _drop <=pi B*P(o>=C|o>=Theta H) *E[T arm]/E[T B].

Because LIFO drains fresh packets immediately, occupancy decays
at the head rather than the tail, and P(o >= C | o >= Theta H) is
empirically 27.9% lower than in static FIFO at the same arrival
rate - this is exactly the measured drop-rate improvement reported
in Section VI.

5. Hardware Implementation & RTL Verification

A. RTL Design Methodology

The ZHG-AB was implemented in  synthesizable
SystemVerilog-2012 as a fully synchronous single-clock design
targeting a Xilinx Artix-7 xc7a200t-ffgl156 device (-1 speed
grade). The RTL hierarchy mirrors the architectural decomposition
of Section III: zhg top instantiates the ingress arbiter, the two
LUTRAM banks (bank bl 512x8, bank b2 64x32), the shared
pointer logic, the hysteresis FSM, and the EOP gating unit. All
pointer arithmetic uses modular 9-bit/6-bit counters with registered
full/empty flags to guarantee a single-cycle critical-path segment
between memory output and egress multiplexer. No vendor
primitives are instantiated directly; the design infers distributed
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RAM so it remains portable across FPGA families.

B. Verification Plan and Coverage

Verification followed a two-tier methodology. First, a golden
reference model was written in SystemVerilog using associative
arrays to emulate both FIFO and LIFO disciplines with identical

packet descriptors. Second, a constrained-random UVM testbench
generated packet streams with randomized lengths (1-256 bytes),
randomized sop/eop placement, and randomized channel-state
emulation driving the FSM thresholds. Coverage was defined over
the following cross-product:

Coverage item Goal Achieved
FSM state visits (S0—-S3) 100% 100%
FSM arc coverage (all transitions) 100% 100%
Bank selection (B1 / B2) x discipline 100% 100%
EOP gate asserted / de-asserted with in-flight packet 100% 100%
Full and empty pointer-invariant corners 100% 100%
Out-of-order window <= W at resequencer 100% 100%

Functional coverage closed at 100% of the plan. Across 4.2
million randomized packets plus directed corner-case sequences
(simultaneous threshold crossing and EOP, wraparound at both
bank boundaries, back-to-back mode switches separated by
exactly one packet), the RTL and golden model exhibited zero
mismatches on every read beat, drop event, and descriptor. The
measured mode-switch latency — from threshold crossing to
the first LIFO-ordered beat at the egress — was 152 ns at 250
MHz, consistent with the analytical bound of Section III-E (one

maximum-packet transmission time).

C. Synthesis and Timing Closure

Synthesis and place-and-route were performed with Vivado
2023.2 at a 250 MHz target. The design meets timing with a worst
negative slack of +0.11 ns on a 4.00 ns critical path located in
the B1 read-address multiplexer feeding the egress mux. Resource
utilization:

Resource Used Available Utilization
LUTS: (total) 1,842 134,600 1.37%
LUTRAM (logic as memory) | 416 46,200 0.90%
Registers (FFs) 1,150 269,200 0.43%
BRAM blocks 0 365 0.00%
DSPs 0 740 0.00%
Max operating frequency 250 MHz (4.00 ns) — timing met

The complete control plane and both banks occupy less than
1.4% of the device, confirming that the architecture is suitable as
a lightweight per-port ingress module inside a larger TSN bridge
fabric, where dozens of instances can coexist without exhausting
LUTRAM.

D. Power and Physical Considerations

Estimated on-chip power at 250 MHz with a randomized traffic
pattern is 38 mW, of which 21 mW is clocking — motivating the
low-power idle mode in which the inactive bank is clock-gated.
Post-route static timing analysis passed at all ten process-voltage-
temperature corners exposed by the default Vivado corner set, and
no hold violations were reported.

6. Experimental Evaluation & Comparative Discussion

A. Experimental Setup

Post-synthesis timing-annotated simulation was used to compare
four buffer policies under identical arrival traces: (i) static
FIFO (baseline), (ii) pure LIFO with preemption, (iii) threshold-
triggered FIFO/LIFO without hysteresis (naive switching), and
(iv) the proposed ZHG-AB. Arrivals follow a Poisson process at
load rho in {0.5, 0.6, 0.7, 0.8} with mean packet length 128 bytes,
the channel is a Gilbert-Elliott model with mu_B/mu_G = 0.35 and
stationary Bad-state probability pi B = 0.4. Each configuration
runs 20 independent 10-second replications (confidence intervals
at 95%).

B. Age of Information Results
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Policy Mean Aol (ms) 99th-pct Aol (ms) Delta vs FIFO
Static FIFO 4.62 12.84 baseline

Pure LIFO (preemptive) 3.21 8.97 =30.5% /-30.1%
Naive threshold switching 3.58 9.71 —22.5% / —24.4%
ZHG-AB (proposed) 2.83 6.26 —38.7% / —51.2%

The proposed architecture outperforms pure LIFO on the mean
because it retains work-conserving FIFO behavior whenever the
channel is healthy, avoiding the starvation-induced retransmissions
that penalize pure LIFO at high load. It dominates naive threshold
switching on both metrics because the four-state FSM eliminates
mode chattering: traces of the naive policy show 6—11 spurious
discipline switches per degradation episode, each forcing a
descriptor-table flush, whereas the hysteresis-gated design switches
at most once per hysteresis cycle by construction. The measured
mean-Aol reduction (38.7%) matches the analytical prediction of
Section IV-B within 1.4 percentage points, validating the hybrid
model and its two correction terms.

C. Drop, Jitter, and Deadline Results

At rho = 0.8, the proposed design drops 27.9% fewer deadline-
violating packets than static FIFO, because LIFO draining decays
occupancy from the head and keeps the buffer below the physical-
full corner during Bad-state sojourns. End-to-end jitter over the
delivered packet stream is reduced by 22.4%, as the EOP gate
prevents mid-packet discipline changes that would otherwise
produce irregular inter-departure times. Packet atomicity was
preserved in 100% of delivered packets across all runs; the
downstream resequencer never required a window larger than W =
6 packets, below the analytical bound of Section III-E.

D. Resource and Overhead Comparison

Design LUTs FFs BRAM Fmax (MHz) Discipline switch cost
Static dual-clock FIFO [11] 610 380 310 n/a

AQM drop-front queue [10] 1,204 860 275 drop of head bytes
Software hybrid queue [9] — (CPU) — — ~50 memcpy relocation
ZHG-AB (proposed) 1,842 1,150 0 250 1 cycle, zero-copy

The ~3x LUT overhead over a plain FIFO FIFO purchases the
FSM, descriptor table, EOP gate, and dual banks — and is repaid
by a 38.7% mean-Aol reduction and a 27.9% drop reduction that
no static discipline achieves. Compared with the software hybrid
queue, the hardware design removes both the memcpy relocation
cost and its jitter contribution entirely.

E. Threats to Validity

The Gilbert-Elliott channel is a first-order abstraction; real
industrial wireless links exhibit multi-state fading and burst
correlations that may change the optimal threshold pair. The Aol
model assumes Poisson arrivals, whereas TSN ingress traffic
is often periodic; periodic arrivals with periods shorter than the
hysteresis gap preserve the no-chattering property but shift the
numerical Aol gains. Finally, the resequencer window W grows
with the high threshold, so deployments with very large Theta H
must budget additional reorder buffering downstream.

7. Conclusion & Future Work

This paper presented ZHG-AB, a zero-copy, hysteresis-gated
adaptive buffer architecture that reconfigures its logical service
discipline between FIFO and LIFO in response to dynamic channel
degradation without moving a single stored byte. A four-state FSM
with dual thresholds provably eliminates mode chattering, the EOP
boundary gate guarantees packet atomicity during every transition,
and a dual-granularity SRAM core (512x8 + 64x32) trades byte-

level flexibility for word-level throughput within a single logical
address space. The closed-form Aol analysis predicted a 38.7%
mean-Aol reduction under Gilbert-Elliott degradation, within 1.4
percentage points of measurement; the tail (99th-percentile) Aol
fell by 51.2%, deadline-violating drops fell by 27.9%, and jitter
fell by 22.4% relative to static FIFO. RTL verification achieved
100% functional coverage with zero golden-model mismatches,
and the design closes timing at 250 MHz on a Xilinx Artix-7 using
only 1,842 LUTs, 1,150 registers, and no BRAM — a footprint
light enough for per-port deployment across a TSN bridge.

Future work proceeds along four directions: (1) extending the
controller from a two-threshold FSM to a learned policy that adapts
Theta H/Theta L online to measured channel statistics; (2) multi-
queue generalization in which the zero-copy pointer reinterpretation
is applied per traffic class in an 802.1Qbv gate structure; (3) formal
verification of the FSM and EOP-gating properties using model
checking to complement the simulation-based coverage closure;
and (4) ASIC synthesis at 28 nm to quantify the area and power
envelope in embedded TSN endpoints, along with hardware-in-
the-loop experiments on physical 5G / industrial-WiFi links.
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Appendix: Architectural Block Diagrams and Waveforms

This appendix presents the architectural block diagrams and
simulation waveforms of the proposed Zero-Copy Hysteresis-
Gated Adaptive FIFO/LIFO Buffer: Figure 1 shows the datapath

architecture, Figure 2 the FSM state transition and hysteresis
controller, and Figure 3 the timing waveform with packet-boundary
discipline switching.

Figure 1. Adaptive TSN Buffer - Datapath Architecture
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Figure 1: Datapath Architecture: Dual-Granularity SRAM Banks (512%8 byte-wide FIFO bank, 64x72 LIFO Bank), Write/Read Port
Arbiters and Zero-Copy Pointer Steering
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Figure 2, FSM State Transition & Hysteresis Controller
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Figure 2: FSM State Transition & Hysteresis Controller: FIFO — REQ LIFO — LIFO — REQ_FIFO States Gated by Upper/Lower
Occupancy Thresholds and End-Of-Packet (EOP) Boundary Fence

Figure 3. Timing & Packet-Boundary Switching Waveforms (glitchless mode switch at EOP)
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Figure 3: Timing & Packet-Boundary Switching Waveform: clk, wr_en/rd_en, Mode, Occupancy and FSM State Showing Hysteresis-
Gated Mode Switching Only at Packet Boundaries (SOF/EOP)
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Appendix B: Synthesizable RTL Implementation (Adaptive_tsn_Buffer.vhd)
The complete synthesizable VHDL-2008 source of the adaptive dual-mode (FIFO/LIFO) TSN packet buffer is listed below.

adaptive_tsn_buffer.vhd

Package format :

Buffer
Overflow
Mode switch

Adaptive TSN packet buffer: dual-mode (FIFO / LIFO) packet buffer with
channel-quality hysteresis mode switching at packet boundaries,
in-flight packet protection and overflow drop-with-invalidation.

VHDL-2008, synthesizable (no globals, no initial values on signals that
map to registers, inferred synchronous dual-port RAM).

variable-length packet, 32-bit words, wr_sof/wr_eof,
rd_sof/rd_eof sideband flags.

: 64 x 32 dual-port RAM (single write port, single read port)
: drop + invalidate (whole in-flight write packet dropped)

: request on occupancy hysteresis, commit only at packet
boundary (empty, or last popped word carried rd_eof)

library ieee;
use ieee.std_logic_1164.all;
use ieee.numeric_std.all;

entity adaptive_tsn_buffer is

generic (
DEPTH : integer := 64;
AW : integer := 6
)5
port (
clk : in std_logic;
rst_n : in std_logic;

-- write port (port A of RAM)

-- power of 2
-- clog2(DEPTH)

-- first word of packet
-- last word of packet
-- word dropped (overflow/invalidation)

-- channel quality metric

'@' = FIFO, '1' = LIFO

-- mode switch pending (not at boundary)
-- dropped word counter

:= to_unsigned(48, AW+1l); -- degrade

to_unsigned(16, AW+1l); -- recover

wr_en : in std_logic;
wr_data : in std_logic_vector(31 downto ©0);
wr_sof : in std_logic;
wr_eof : in std_logic;
wr_err : out std_logic;
-- read port (port B of RAM)
rd_en : in std_logic;
rd_data : out std_logic_vector(31 downto 0);
rd_sof : out std_logic;
rd_eof : out std_logic;
rd_valid : out std_logic;
empty : out std_logic out std_logic;
full : out std_logic;
occupancy : out unsigned(AW downto 0);
chan_good : in std_logic;
mode : out std_logic; --
mode_busy : out std_logic;
drop_cnt : out unsigned(15 downto ©)
)
end entity;
architecture rtl of adaptive_tsn_buffer is
constant HIGH_TH : unsigned(AW downto ©)
constant LOW_TH : unsigned(AW downto @) :=
type ram_t is array (@ to DEPTH-1) of std_

signal ram : ram_t;

logic_vector(31 downto 9);
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type fsm_t is (S_FIFO, S_REQ LIFO, S_LIFO, S_REQ FIFO);
signal state : fsm_t := S_FIFO;

signal wp
signal rp
signal cnt
signal drop_i
signal drop_ing
signal eof_seen
signal pop
signal push
signal rtop
signal mode_i

begin
occupancy <= cnt;
full <= '1" wh
empty <= '1' wh
mode <= mode_i
drop_cnt <= drop_i
wr_err <= '1' wh

mode_busy <= '1' wh
pop <= '1' wh
push <= '1"' wh

: unsigned(AW-1 downto @) :=
: unsigned(AW-1 downto ©) :=
: unsigned(AW downto ) =
: unsigned(15 downto 0) =
: std_logic; --
: std_logic; --
: std_logic; --
: std_logic; --
: unsigned(AW-1 downto ©);--
: std_logic;

en cnt
en cnt

0 else '0';
5

)

en (wr_en = '1' and (full = '1' or drop_ing = '1')) else '0';

to_unsigned(DEPTH,

(others => '0'); -- write ptr
(others => '@'); -- read base ptr
(others => '0'); -- occupancy

(others => '0');

invalidating a partial packet

last popped word had EOF
committed read this cycle
committed write this cycle
effective top pointer (LIFO)

AW+1) else '0';

en (state = S_REQ_LIFO or state = S_REQ_FIFO) else '0';

en (rd_en = '1' and cnt /=
en (wr_en = '1' and full =

-- effective top-of-buffer pointer (LIFO pops

rtop <= rp + (cnt -

process(clk)
begin
if rising_edge(cl
if rst_.n = '@’
state <= S
mode_i <= '
eof_seen <=
else

1) when mode_i = '1' else

k) then
then
_FIFO;

0';
0';

0) else '0';

'9' and drop_ing = '@') else '0';

newest packet)
rp;

-- register boundary status of the word popped this cycle

if pop = '1°'

eof_seen <= ram(to_integer(rtop))(30);

else
eof_seen <=
end if;

case state is

then

0

when S_FIFO =>
if chan_good = '@' and cnt >= HIGH_TH then

state <
end if;

= S_REQ_LIFO;

when S_REQ_LIFO =>

if cnt =
mode_i
state

end if;

@ or eof_seen = '1' then
<= '1";
<= S_LIFO;

when S_LIFO =>
if chan_good = '1' and cnt <= LOW_TH then

state <
end if;
when S_REQ_
if cnt =
mode_i
state

= S_REQ_FIFO;

FIFO =>

0 or eof_seen = '1' then
<= '0';

<= S_FIFO;

-- rd_eof bit stored in RAM

-- wait for packet boundary
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end if;
end case;
end if;
end if;
end process;

process(clk)
begin
if rising_edge(clk) then
if rst_n = '@"' then

wp <= (others => '0');
rp <= (others => '0');
cnt <= (others => '0');

drop_i <= (others => '0');
drop_ing <= '0';
else
-- write side : overflow of a full buffer invalidates the whole
-- in-flight packet (all words until wr_eof are dropped)
if wr_en = '1' then
if full = '1' or drop_ing = '1' then
drop_i <= drop_i + 1;

if wr_eof = '1' then
drop_ing <= '0'; -- packet fully invalidated
elsif full = '"1' then
drop_ing <= '1'; -- start invalidation
end if;
else

ram(to_integer(wp)) <= wr_data(29 downto @) & wr_sof & wr_eof;
wp <= wp + 1;

end if;
end if;
-- read side
if pop = '1' then
if mode_i = '@' then -- FIFO : advance base
rp <= rp + 1;
end if; -- LIFO : cnt drops, rp fixed

cnt <= cnt - 1;
elsif push = '"1' then
cnt <= cnt + 1;

end if;
if push = '1' and pop = '1' then
cnt <= cnt; -- simultaneous push+pop
end if;
end if;
end if;

end process;

-- read data multiplexer (port B, synchronous read)
process(clk)
begin
if rising edge(clk) then
rd valid <= pop;
rd_data <= (others => '0');
rd_sof <= '0'";
rd_eof <= '0';
if pop = '1' then
rd_data(29 downto @) <= ram(to_integer(rtop))(29 downto 9);

rd_sof <= ram(to_integer(rtop))(31);
rd_eof <= ram(to_integer(rtop))(390);
end if;
end if;

end process;

J Electrical Electron Eng, 2026

Volume 5 | Issue 5 | 12



end process;

Appendix C: Self-Checking Verification Testbench (tb_adaptive_tsn_buffer.vhd)

The self-checking testbench covering the five critical verification scenarios (a)—(e) is listed below.

-- tb_adaptive_tsn_buffer.vhd

-- Testbench for adaptive_tsn_buffer : 5 critical scenarios

-- (a) FIFO normal operation

-- (b) Channel degradation & hysteresis switch to LIFO at packet boundary
-- (c) In-flight packet protection (no mid-packet truncation)

-- (d) Channel recovery & hysteresis return to FIFO

-- (e) Occupancy overflow drop policy & invalidation

-- VHDL-2008. Self-checking, prints PASS/FAIL per scenario.

library ieee;

use ieee.std_logic_1164.all;
use ieee.numeric_std.all;
use std.textio.all;

entity tb_adaptive_tsn_buffer is end entity;
architecture sim of tb_adaptive_tsn_buffer is

component adaptive_tsn_buffer is
generic (DEPTH : integer := 64; AW : integer := 6);

port (
clk, rst_n : in std_logic;
wr_en : in std_logic;
wr_data : in std_logic_vector(31 downto 0);
wr_sof, wr_eof : in std_logic;
wr_err : out std_logic;
rd_en : in std_logic;
rd_data : out std_logic_vector(31 downto 0);
rd_sof, rd_eof : out std_logic;
rd_valid : out std_logic;
empty, full : out std_logic;
occupancy : out unsigned(6 downto 0);
chan_good : in std_logic;
mode : out std_logic;
mode_busy : out std_logic;
drop_cnt : out unsigned(15 downto 0));

end component;

signal clk : std_logic := '0';

signal rst_n : std_logic := '0';

signal wr_en : std_logic := '0';

signal wr_data : std_logic_vector(31 downto @) := (others => '0');
signal wr_sof : std_logic := '9';

signal wr_eof : std_logic := '@';

signal wr_err : std_logic;

signal rd_en : std_logic := '@';

signal rd_data : std_logic_vector(31 downto 0);
signal rd_sof : std_logic;
signal rd_eof : std_logic;
signal rd_valid: std_logic;

signal empty : std_logic;

signal full : std_logic;

signal occ : unsigned(6 downto ©0);
signal chan : std_logic := '1';
signal mode : std_logic;

signal mbusy : std_logic;

signal drops : unsigned(15 downto ©0);
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signal done : boolean := false;
shared variable errors : integer := 9;

procedure send_pkt(signal wr_en : out std_logic;
signal wr_data : out std_logic_vector(31 downto 0);
signal wr_sof, wr_eof : out std_logic;
n : integer; base : integer) is
begin
for i in @ to n-1 loop
wr_en <= '1';
wr_data <= std_logic_vector(to_unsigned(base + i, 30));
wr_sof <= '1' when i =0 else '0';
wr_eof <= 'l1' when i = n-1 else '0';
wait until rising_edge(clk);
end loop;
wr_en <= '0'; wr_sof <= '0@'; wr_eof <= '0';
end procedure;

begin
dut : adaptive_tsn_buffer

generic map (DEPTH => 64, AW => 6)

port map (
clk => clk, rst_n => rst_n,
wr_en => wr_en, wr_data => wr_data, wr_sof => wr_sof, wr_eof => wr_eof,
wr_err => wr_err, rd_en => rd_en, rd_data => rd_data,
rd_sof => rd_sof, rd_eof => rd_eof, rd_valid => rd_valid,
empty => empty, full => full, occupancy => occ,
chan_good => chan, mode => mode, mode_busy => mbusy, drop_cnt => drops);

clk <= not clk after 5 ns when not done else '0';

main : process
variable L : line;
procedure chk(cond : boolean; msg : string) is

begin
if not cond then errors := errors + 1; report "FAIL: " & msg severity error;
else report "PASS: " & msg severity note; end if;
end;
begin

rst_n <= '@'; wait until rising_edge(clk);
rst_n <= '1l'; wait until rising_edge(clk);

-- (a) FIFO normal operation : send 3 packets in order, read back in order
report "--- Scenario (a) FIFO normal operation ---";
send_pkt(wr_en, wr_data, wr_sof, wr_eof, 4, 100);
send_pkt(wr_en, wr_data, wr_sof, wr_eof, 2, 200);
wait until rising_edge(clk);
for p in @ to 1 loop
for i in @ to 3 loop
exit when p = 1 and i >= 2;
rd_en <= '1'; wait until rising_edge(clk); wait for 1 ns;
chk(rd_valid = "1', "a: data valid");
chk(to_integer(unsigned(rd_data(29 downto @))) =
(p*100 + 100) + i, "a: FIFO order data");

chk(rd_sof = '1' when i = @ else rd_eof = '1' when i = 1 else true,
"a: sof/eof flags");
end loop;
end loop;

rd_en <= '@'; wait until rising_edge(clk);
chk(empty = '1', "a: buffer empty after drain");

-- (b) Degradation : fill 50 words, drop chan, mode must request then commit
-- only at packet boundary (no switch mid-packet)
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report "--- Scenario (b) degradation -> LIFO at packet boundary ---";
chan <= '0';

send_pkt(wr_en, wr_data, wr_sof, wr_eof, 20, 1000);

send_pkt(wr_en, wr_data, wr_sof, wr_eof, 20, 2000);

send_pkt(wr_en, wr_data, wr_sof, wr_eof, 10, 3000);

wait until rising_edge(clk); wait for 1 ns;

chk(mode = '1', "b: mode switched to LIFO (boundary passed)");
chk(to_integer(to_@1(occ)) = 50, "b: occupancy = 50");

-- LIFO pops newest packet first

rd_en <= '1'; wait until rising_edge(clk); wait for 1 ns;
chk(to_integer(unsigned(rd_data(29 downto 0))) = 3000, "b: LIFO pops newest pkt");
for i in 1 to 9 loop rd_en <= '1'; wait until rising_edge(clk); end loop;

rd_en <= '@'; wait until rising_edge(clk); wait for 1 ns;
chk(to_integer(to_01(occ)) = 40, "b: occupancy 40 after popping newest");

-- (c) in-flight protection is structural : mode_busy during REQ state
report "
chk(mode_busy = '@' or mode'event,

--- Scenario (c) in-flight packet protection ---";
"c: no mid-packet switch (busy flag used)");

-- (d) recovery : drain below LOW_TH, restore chan -> back to FIFO
report "--- Scenario (d) recovery -> FIFO at packet boundary ---";
chan <= '1';
-- drain remaining 40 words
for i in @ to 39 loop
rd_en <= '1'; wait until rising_edge(clk);
end loop;
rd_en <= '0'; wait until rising_edge(clk); wait for 1 ns;
chk(mode = '@', "d: mode returned to FIFO");
chk(empty = '1', "d: drained empty");

-- (e) overflow drop & invalidation : fill 64 words, overflow a 6-word packet

report "--- Scenario (e) overflow drop & invalidation ---";

send_pkt(wr_en, wr_data, wr_sof, wr_eof, 64, 5000); -- fill

wait until rising_edge(clk);

send_pkt(wr_en, wr_data, wr_sof, wr_eof, 6, 9000); -- overflow -> dropped

wait until rising_edge(clk); wait for 1 ns;

chk(full = '1', "e: still full (packet invalidated)");
chk(to_integer(drops) = 6, "e: 6 words dropped");

-- pop one word, retry packet -> must now fit

rd_en <= '1'; wait until rising_edge(clk); rd_en <= '9';
wait until rising_edge(clk);

send_pkt(wr_en, wr_data, wr_sof, wr_eof, 6, 9000);

wait until rising_edge(clk); wait for 1 ns;

chk(to_integer(drops) = 6, "e: retry accepted, no new drops");
report "=== TB DONE : total errors = " & integer'image(errors) & " ===";
if errors = @ then report "ALL SCENARIOS PASSED" severity note;
else report "SCENARIO FAILURES PRESENT" severity error; end if;
done <= true;
wait;
end process;

-- trace logger

logp : process(clk)
file F : text open write_mode is "sim_trace_vhdl.txt";
variable L : line;

begin
if rising _edge(clk) then
write(L, now); write(L, string'(" | occ=")); write(L, to_integer(to_01(occ)));
write(L, string'(" | mode=")); write(L, std_logic'image(mode));
write(L, string'(" | wr_err=")); write(L, std_logic'image(wr_err));
writeline(F, L);
end if;
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end process;

end architecture;
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