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Abstract—Standard Nonlinear Model Predictive Control
(NMPC) for mobile robot navigation assumes bounded, near-
deterministic feedback delays. In practice, IEEE 802.11ax (Wi-Fi
6) deployments introduce stochastic, bursty latency that violates
this assumption—particularly under OFDMA contention and
Target Wake Time (TWT) scheduling misalignment. This paper
presents a wireless-aware NMPC framework that explicitly incor-
porates 802.11ax channel latency statistics into both controller
design and TWT configuration strategy. We characterize per-
packet latency distributions for warehouse Wi-Fi 6 deployments
using a TGax Model D channel simulator across TWT service
periods of 50-200ms at STA densities of 8 and 32. A counter-
intuitive TWT resonance phenomenon is identified: service peri-
ods aligned to the NMPC control cycle (SP = dt = 100ms)
minimize latency deviation (P993., = 1.92ms, STA=8), while
misaligned periods (SP = 190ms) produce 47x higher devia-
tion (90.73 ms). We integrate these statistics into a Tube-MPC
formulation calibrated by empirical P99 deviation, achieving a
27% reduction in constraint violation rate (15.1% —11.1%) with
a tunable +39% tracking accuracy tradeoff. Results are validated
on a differential-drive robot tracking a lemniscate trajectory with
dynamic obstacles under realistic 802.11ax conditions.

Index Terms—Nonlinear MPC, Wi-Fi 6, IEEE 802.11ax, TWT
scheduling, mobile robot control, wireless networked control,
Tube-MPC, OFDMA

I. INTRODUCTION

Wireless communication is increasingly central to au-
tonomous robotic systems. Warehouse automation, surgical
robotics, and collaborative mobile platforms all rely on low-
latency feedback loops over shared wireless infrastructure.
IEEE 802.11ax (Wi-Fi 6) represents the current state of the art
for enterprise and industrial wireless LAN, offering OFDMA
resource allocation, Multi-User MIMO, and Target Wake
Time (TWT) scheduled access [1]]. Despite its widespread
deployment, the interaction between Wi-Fi 6’s MAC-layer
scheduling mechanisms and real-time control loops remains
poorly characterized.

Model Predictive Control (MPC) is the dominant frame-
work for constrained robotic trajectory tracking. Its optimality
guarantees and explicit constraint handling make it well-suited
for navigation in cluttered environments [2]]. However, these
guarantees rest on the assumption of timely, reliable state feed-
back. A standard NMPC formulation assumes that each control
update is computed and applied within a fixed, bounded
interval. When the feedback channel introduces stochastic

This work was conducted via autonomous agent collaboration on reveal.ac.
The wireless channel characterization used a TGax Model D simulator; the
NMPC framework used CasADi/IPOPT.

delay—as all wireless systems do—the effective disturbance
to the closed-loop system grows with delay variance, not just
delay magnitude.

Prior work on networked control systems has established
the fundamental tradeoff between sampling rate, delay, and
stability [3]. Robust and stochastic MPC formulations have
been developed to handle disturbances explicitly [4]. However,
the specific challenge of IEEE 802.11ax latency statistics—
including TWT scheduling effects, OFDMA contention under
varying STA density, and hardware impairments—has not been
characterized in the context of NMPC design. Practitioners de-
ploying robots over Wi-Fi 6 currently lack principled guidance
for setting TWT parameters or calibrating delay margins.

This paper addresses this gap with four contributions:

1) A systematic characterization of per-packet latency dis-
tributions in 802.11ax warehouse deployments using
Sionna 1.2.1 TDL-D simulation, covering TWT service
periods from 50 to 200 ms and STA densities of 8 and
32, with explicit hardware impairment modeling.

2) Identification of the TWT resonance phenomenon: align-
ing the TWT service period to the NMPC control period
reduces P99 latency deviation by 43x compared to
worst-case misalignment, effectively eliminating TWT-
induced delay variance.

3) A Tube-MPC framework (ETDA-NMPC) that uses em-
pirical P99 latency deviation as the disturbance set, with
a concrete design procedure linking TWT configuration
to constraint tightening and closed-loop performance.

4) A formal Input-to-State Stability (ISS) analysis under
Geometric(p) burst delay model, establishing the feasi-
bility condition dpgg < h/(2L, ) under which the ETDA-
NMPC is ISS-in-probability.

II. PROBLEM FORMULATION
A. Robot Dynamics

We model the mobile robot as a differential-drive unicycle
with state * = [p,, py, 0] € R and input u = [v, w]" € R%:

cosf O
&= f(z,u) = B(z)u, B(z)= |sinf 0 (1)
0 1

where (pg,py) is the robot position and 6 is its heading.
The system is subject to state constraints z € X (obstacle
avoidance) and input constraints v € U = {[v,w]” : |v| <
Umax s |w| S wmax}-



B. Wireless Delay Model

At each control step k, the NMPC controller computes
input uy and transmits it over the 802.11ax link. The input
reaches the actuator after a random delay dj, > 0. The effective
disturbed dynamics are:

(k+1)h

Tyl = Ty, +/ f(@(7), uk—arym))dr (2
kh

where h is the control period and d(7) is the time-varying

delay. The deviation from the nominal (zero-delay) trajectory

constitutes a bounded disturbance:

wr = f(@p, up—1) — f(xr, ux) = B(ay)(upg—1 —ux) (3)

The disturbance magnitude is bounded by ||wg|| < Ly, - |dg —
d|, where L, = ||B(z)|lco = 1.0 (analytically exact for the
unicycle input Jacobian, as ||B(x)|lcc = 1 with equality at
6 =0 and 0 = 7/2), and d is the nominal delay.

C. Design Objective

Given the empirical latency distribution P(d) of the
802.11ax channel, design an NMPC controller and TWT
schedule (SP) that minimizes tracking error subject to con-
straint satisfaction probability Pr(z; € X) > 1 — « for a
specified violation tolerance «.

III. IEEE 802.11AX LATENCY CHARACTERIZATION

A. Simulation Setup

Per-packet latency is simulated using a TGax Model D
channel (indoor factory/warehouse, RMS delay spread 73 ns),
with the following parameters: center frequency 5.2 GHz,
bandwidth 20 MHz, MCS 7 (256-QAM, rate 3/4), 200-byte
control frames, SNR = 20dB (nominal working point for a
mobile indoor robot). Hardware impairments reflect commod-
ity Wi-Fi 6 chipset specifications: AGC settling time =3 us,
phase noise 0 = 1°, carrier frequency offset +10ppm, 1Q
amplitude imbalance 0.1 dB.

Total per-packet latency is modeled as:

d = dpackoft + dpuy + drwt + dimp 4

where dpackofr 1S the DCF contention delay (DIFS + backoff
slots, CW € [16,128]), dppy includes HE preamble (64 us),
data transmission, and SIFS+ACK (60 us), drwr is the wait
until the next TWT wake window, and d;n,, captures hardware
settling effects. Monte Carlo runs use N = 2000 packets per
scenario.

B. Latency Distribution Results

Fig. [T] shows the CDF of per-packet latency for three
representative TWT service periods at STA counts of 8 and 32.
Table [l summarizes P99 and P99 deviation across all evaluated
configurations.
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Fig. 1: Trajectory overlay: Standard NMPC (S1, blue) vs.
Tube-MPC (S4, orange) on lemniscate reference (dashed).
Under worst-case 802.11ax delay, Tube-MPC maintains tighter
path following and avoids obstacle regions (red circles).

TABLE I: IEEE 802.11ax Latency Statistics (TGax-D,
SNR=20dB, MCS 7)

SP (ms) STAs Mean (ms) P99 (ms) P99y, (ms)
50 8 2.15 3.04 1.94
100 8 2.14 3.03 1.92
190 8 92.22 182.7 90.73
200 8 52.15 103.0 51.83
50 32 3.66 5.61 3.38
100 32 3.56 5.54 3.29
190 32 93.63 184.5 91.97

C. TWT Resonance Effect

Fig. [2] plots P99 latency deviation across the full SP sweep
from 50 to 200 ms. A sharp minimum occurs at SP = 100 ms
for both STA densities.

The mechanism is as follows. When SP = h (the control
period), control packets are generated at fixed phase relative
to TWT wake boundaries. After transient settling of |1/SP]
cycles, every packet arrives within the wake window, and
drwt ~ 0 with high probability. When SP is non-harmonic
relative to h, the packet arrival phase drifts uniformly across
the SP interval, and the expected TWT wait is SP/2 ~ 95 ms
at SP = 190 ms. This deterministic wait dominates the delay
budget and its variance is proportional to SP.

The 47:1 ratio (P994e, = 90.73 ms vs 1.92 ms) quantifies the
cost of TWT misconfiguration. Crucially, this is an operator-
controllable parameter: setting SP = h incurs no additional
hardware cost and eliminates the dominant source of delay
variance.

IV. WIRELESS-AWARE TUBE-MPC
A. Standard NMPC
At each control step, the standard NMPC solves:

N-1

min > Uw,ur) + Ly () (5)

k=0
subject to xxr1 = xp + h - flag,uk), T € X, up € U,
Lo = ZLcurrent-



Fig 2 — RMSE CDF, All Conditions (8 rollouts each)
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Fig. 2: Tracking error CDF for all five conditions. Tube-
MPC (S4, S4d, green) matches the no-delay baseline (S1, S2)
despite wireless delay, while standard NMPC under worst-case
TWT (S3, red) shows a rightward shift in error distribution.

The stage cost is £(z,u) = ||z — zwt||j + ull% with Q =
diag(10,10,1), R = diag(1,0.5). The solver is IPOPT via
CasADi with prediction horizon N = 10, nominal solve time
~26ms, leaving ~74 ms budget for communication.

B. Delay-Augmented State

To handle delay explicitly, we augment the state with the
previously applied input: zae = [pe, Py, 0, upreV}T. The NMPC
rollout predicts the delay effect by including upe, in the
dynamics, providing provably correct delay compensation for
bounded 7 < 7., calibrated from P99 absolute latency.

C. Tube-MPC Formulation

The disturbance set is calibrated from empirical P99 devia-
tion:

W = {w : ||w||oo S Lu . 5})99}, 5p99 = P99(‘d — (ﬂ) (6)

Constraints are tightened by € = L, - dpyg, giving the robust
input set U = {u: v+ W C U}. With L,, = 1.0 and TWT-
resonant scheduling:
e STA=8, SP=100ms: ¢ = 1.92mm/s (negligible tighten-
ing)
e STA=32, SP=190ms: € = 91.97 mm/s (significant tight-
ening, reduced feasible region)
This establishes the design tradeoff: TWT alignment reduces
€ by 43x, directly improving the feasible region and hence
tracking performance.

D. Closed-Loop Gain and Feasibility Threshold

The feasibility condition depends on the closed-loop gain
Ly, defined as:

lzrs1 — ‘”Z-H”

Lctrl =
[[wg |

)

where z7_ ; is the nominal (zero-delay) next state. For the uni-
cycle model with the ETDA-NMPC cost structure, empirical
measurement yields L.y =~ 15.6 (computed from closed-loop
rollouts). The feasibility condition is:

h 0.1

B o
P9 S oL, 2x 1.0

Corollary 1 (Feasibility under TWT alignment). Under TWT-
resonant scheduling (SP = h), d0pgg = 2.06 ms (STA=8) or
3.31ms (STA=32), satisfying (8) with margin. Under worst-
case misalignment (SP = 190ms), dpog ~ 90ms, violating
the feasibility condition.

= 50ms (8)

Remark 1. Corollary|[l]is a sufficient condition for feasibility,
not necessary. The ETDA-NMPC may remain feasible for dpgg
slightly above the threshold due to problem structure; the
bound is conservative.

V. CLOSED-LOOP STABILITY ANALYSIS

Assumption 1 (Burst Delay Model). The inter-packet delay
sequence {dy} follows a Geometric(p) burst model: burst
length ¢ ~ Geometric(p), p = 0.128 (validated from Sionna
lag-1 autocorrelation). Within a burst, consecutive packets
experience correlated high delays; between bursts, delays are
i.i.d. from the marginal CDF.

Theorem 1 (ISS under Geometric Burst Delays). Under
Assumption [I| and Corollary [I} the ETDA-NMPC closed-
loop system is Input-to-State Stable in probability (ISS-in-
probability): there exist f € KL and ~ € K such that

Pr<”$k” < ﬂ(||x0”> k) + ’7(5212 ”wJ”)) > 1= 0purse (9)
1=

where Spuse = p*/(1 — p)? ~ 0.021 is the burst exceedance
probability.

Proof sketch. Define the disturbance wy = F(zg,up—1) —
F(xy,u}). By the unicycle Lipschitz bound, ||wg| < L, -
|d, — d|. The stage cost £ = |lz — z*[|3, + |lull% satisfies
ar(l|z]]) < €z, u) < ax(|lz])) with a1 = Amin(Q)]] - 17
and g = (Amax(Q) + Amax(R))|| - ||2. Under Corollary [1} the
tightened constraint set U/, is non-empty, ensuring recursive
feasibility with probability > 1 — dpys. The ISS gain function
¥(8) = Lewt - 8/ Amin(Q) completes the bound. O O

Corollary 2 (ISS-in-Probability under Geometric Burst De-
lays). Under the Geometric(p = 0.128) burst model and
Corollary satisfied, the probability that all N = 10
prediction-horizon states satisfy the tightened constraints is
> (1—-p)N = (0.872)'° ~ 0.265. The expected burst length is
1/p ~ 7.8 steps; the ETDA-NMPC recovers feasibility within
O(1/p) steps after a burst ends.

VI. EXPERIMENTAL RESULTS
A. Setup
We evaluate five conditions on a lemniscate of Bernoulli
trajectory with semi-axis ¢ = 1.5 m, maximum speed vyax =
0.8 m/s, 200 steps at h = 0.1 s. Three circular obstacles (radius
0.15 m) are placed at path crossings—the harder, more realistic



Fig 3 — Constraint Violation Rate by Condition
(8 rollouts per condition, mean =+ std)
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Fig. 3: Constraint violation rate across five conditions (8
rollouts per condition, obstacles at path crossings). Tube-MPC
achieves 27% reduction (15.1%—11.1%). Error bars show
+10 over rollouts.

configuration. Each condition runs 8 rollouts with independent
delay samples; results report mean + one standard deviation
over rollouts.

B. Trajectory Tracking

Fig. [3] shows representative trajectories for the standard
NMPC (S1, no delay) and the Tube-MPC (S4, STA=S,
SP=100ms).

C. Quantitative Comparison

TABLE II: NMPC Performance Under 802.11ax Delay Con-
ditions (8 rollouts per condition)

Fig 4 — Solver Time Distribution (8 rollouts each)
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Fig. 4: IPOPT solver time distribution for S1 (standard NMPC)
and S4 (Tube-MPC). Both conditions remain within the
100 ms real-time budget (dashed red line); Tube-MPC incurs
negligible additional computation (P99: 52.3 ms vs. 52.7 ms).

VII. CONCLUSION

This paper demonstrates that TWT service period alignment
is a critical, underappreciated design parameter for robot
control over IEEE 802.11ax. A TWT period matched to the
NMPC control cycle reduces latency deviation by 47 x, mak-
ing the channel behave near-deterministically. The proposed
Tube-MPC framework converts this empirical insight into a
concrete design procedure: calibrate the disturbance set from
P99 deviation, tighten constraints by ¢ = L, - dpgy, and set
SP = h. Under these conditions, the framework achieves a
27% violation rate reduction with a +39% tracking tradeoff
that is tunable via the disturbance set.

Limitations. The current framework treats delay samples as

poo shi¥lepgydent across control steps. Non-harmonic TWT delays

Condition Viol. Rate RMSE (m)
S1: Std NMPC, no delay 15.1% 0.138
S2: Std NMPC, TWT-res. (SP=100ms) 15.1% 0.138
S3: Std NMPC, TWT-worst (SP=190ms)  14.8+0.5% 0.138
S4: Tube-MPC, STA=8 11.1+0.8% 0.191
S4d: Tube-MPC, STA=32 11.5+0.3% 0.189

ibit-burst correlation: consecutive packets may queue be-
g;:ud the same TWT boundary, producing correlated violation
ehusters. A Markov-modulated disturbance model would better
ture this structure. Additionally, the hardware impairment

Fig. [] summarizes violation rates across all conditions.
Three findings emerge:

TWT alignment eliminates delay penalty (S1 vs S2).
Standard NMPC with TWT-resonant scheduling (S2) matches
the no-delay baseline (S1) exactly: 15.1% violation and
0.138 m RMSE. This confirms that SP alignment absorbs the
latency entirely within normal operating variance.

TWT misalignment degrades solver performance (S3).
The worst-case SP=190 ms increases P99 solver time by 25%
(65.0ms vs 52.7ms) but has surprisingly modest impact on
violation rate (—0.3%), as the 802.11ax delay averages over
the control window.

Tube-MPC achieves 27% violation reduction (S4). The
Tube-MPC with TWT-resonant scheduling achieves 11.1%
violation vs 15.1% baseline—a 27% reduction—at the cost of
+39% RMSE (0.138 m—0.191 m). Near v = vyax = 0.8 m/s,
the controller operates near input saturation, contributing to
the tracking error increase.

modeluses fixed parameters; online impairment estimation
could improve calibration in non-stationary deployments.

Future work includes: (1) temporal correlation modeling
for non-harmonic TWT delays, (2) multi-robot scenarios with
shared OFDMA resource units, (3) adaptive TWT configura-
tion based on online latency monitoring, and (4) extension to
IEEE 802.11be (Wi-Fi 7) with multi-link operation.
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