Preprints are preliminary reports that have not undergone peer review.

6 Research Sq uare They should not be considered conclusive, used to inform clinical practice,

or referenced by the media as validated information.

Subspace Overlap Predicts Residual Sensing
Feasibility in OFDM ISAC Systems

Ramakrishna Pasupuleti

workisfundlHS@omail . com

Independent Researcher https://orcid.org/0009-0008-8418-1430

Research Article

Keywords: ISAC, OFDM, MMSE, SVD, subspace overlap, residual sensing, 6G
Posted Date: July 9th, 2026

DOI: https://doi.org/10.21203/rs.3.rs-10293579/v1

License: €© @ This work is licensed under a Creative Commons Attribution 4.0 International License.
Read Full License

Additional Declarations: The authors declare no competing interests.

Page 1/8


https://doi.org/10.21203/rs.3.rs-10293579/v1
https://doi.org/10.21203/rs.3.rs-10293579/v1
https://orcid.org/0009-0008-8418-1430
https://doi.org/10.21203/rs.3.rs-10293579/v1
https://creativecommons.org/licenses/by/4.0/

Abstract

We introduce the subspace overlap metric as a quantitative predictor of whether MMSE equalization
residuals in OFDM integrated sensing and communication systems can be exploited for sensing. Across
twelve channel models including five 3GPP clustered delay line profiles, residual artifacts are universally
low-rank but separability from target structure depends on subspace geometry. When overlap is below
0.05, rank-1 PCA achieves positive differential; above 0.10, separation fails. The proposed K-R approach
outperforms all baselines including matched filtering with perfect channel knowledge, validated over 500
Monte Carlo trials at p < 0.001. A blind adaptive rank selection algorithm is provided.

|. INTRODUCTION

INTEGRATED sensing and communication (ISAC) is a foundational 6G capability, formally adopted at
3GPP RAN #108 [1]. Current receivers use parallel sensing chains requiring dedicated resources [2], [3].
We ask: can the MMSE equalization residual—conventionally discarded—serve as a sensing resource?

The LISAC framework [4] exploits residuals for communication improvement but not sensing. Data-aided
receivers [5] process the full signal. We show the residual contains target structure, but its exploitability
depends on artifact-target subspace geometry—quantified by a new metric n,. We further provide a blind
algorithm for adaptive rank selection that requires no oracle knowledge of the target subspace.

Contributions: (C1) universal low-rank residual artifacts across 12 channels; (C2) the subspace overlap
metric n, as a statistically significant predictor (p = 0.043) whose explanatory power increases to R? =
0.55 in a multi-variable model; (C3) a blind eigengap-based adaptive rank algorithm extending feasibility
to 11/12 channels; (C4) K-R PCA-1 outperforms all baselines including matched filtering—explained by
the MMSE equalizer’'s ~20 dB interference cancellation. Preprint: [6].

Il. SYSTEM MODEL AND K-R RECEIVER

Consider OFDM at fc = 28 GHz, Nsc = 256, Nsym = 64, Af = 120 kHz (NR FR2 [7]). Received: Y[k,] =
(Hcomm + Htarget)X[k,I] + W, where Htarget is 20—40 dB below Hcomm. Pilots every 4th subcarrier; LS +
interpolation + LMMSE smoothing [8]. The sensing residual rs = (Y - HXhard)X*hard/(|Xhard|? + €)
decomposes as rs = rartifact + rtarget + rnoise.

K-R Receiver: K-Step = standard MMSE (unmodified); R-Step = SVD, adaptive PCA-k removal (Algorithm
1), 2D-FFT — range-Doppler map. Twelve channels tested: 7 parametric + 5 CDL profiles (CDL-A through
E).

lll. SUBSPACE OVERLAP THEORY

A. Universal Low-Rank Structure
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SVD of the artifact-only residual reveals o,/0, > 1.5 for all 12 channels (Table I), with the first singular
value capturing 28—-45% of total energy. The physical origin is frequency-domain interpolation acting as a
low-pass filter on the estimation error, producing smooth, correlated artifacts concentrated in the first
singular vector regardless of channel structure [8], [13].

TABLE I: SUBSPACE ANALYSIS ACROSS 12 CHANNELS

Ch ol/62 n1 k* A* Cl DS Np

UMi 4.47 .009 1 +19 +3 52 3 v
S-NLOS  2.68 127 01 -0.7 4 85 3 i
W-NLOS  4.61 030 0 +1.0 +3 42 3 v
Many-p 419 025 1 +1.1 +3 68 5 v
Hi-Dop 1.66 031 4 +0.7 +3 50 3 v
LOS 4.64 036 0 +05 +3 O 1 v
Rician 4.62 039 0 +11 +3 36 3 v
CDL-A 4.08 017 1 +2.7 +4 160 6 v
CDL-B 4.13 011 1 +25 +4 110 4 v
CDL-C 3.36 025 1 +45 +5 310 5 v
CDL-D 4.58 025 0 +03 +2 28 3 v
CDL-E 4.62 042 1 +0.3 +2 18 3 v

B. Subspace Overlap Metric

We define nk = ||[UNAk UT|]2F / min(k, rT), where UAk contains the first k artifact singular vectors and UT
the target singular vectors. When n = 0 subspaces are orthogonal; when n — 1, entangled. Single-
variable regression across 12 channels (fixed SNR = 20 dB, gain = -10 dB) yields A* = 2.25 - 26.65'n1
(R2=0.35, p = 0.043). Expanding to 180 data points across 5 SNRs and 3 target gains, a multi-variable
model incorporating n1, delay spread, target gain, number of paths, Doppler spread, Rician K-factor, and
SNR achieves R? = 0.55 (adjusted R? = 0.53). The top three predictors by individual R? are: delay spread
(0.19), target gain (0.14), and number of paths (0.12). Thus, n1 captures the geometric separability
component, while propagation structure and operating conditions explain the remainder. Fig. 1 shows
the predictive relationship.

The key insight: 01/02 does not predict performance—CDL-C has the lowest ratio (3.36) yet the highest
differential (+4.5 dB). Feasibility depends on subspace geometry (n1), not low-rankness.

C. Blind Adaptive Rank Selection
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A practical implementation cannot assume knowledge of the target subspace UT. We propose Algorithm
1, which selects k* using only the eigengap structure of the observed residual—no oracle required:

Algorithm 1: Blind Adaptive Rank Selection
Input: Observed residual R_s

1: [U,5,V] « SVD(R_s)

2:fork =0,1,...K_max do

3: gap(k) « o_k / o_{k+1}

4: k* « argmax gap(k)

5: R_clean « X_{i>k*} o_i u_i v_i*"H

6: RDM « |FFT2(R_clean)|*2

Output: Range-Doppler map, k*

The eigengap identifies where the artifact energy drops off sharply, enabling blind rank selection. This
rescues three channels: High Doppler (k*=4, +1.48 dB), Weak NLOS (k*=0, +1.21 dB), LOS (k*=0, +0.63
dB). With Algorithm 1, 11/12 channels achieve positive differential.

IV. RESULTS

A. Baseline Comparison

Under UMi, SNR = 20 dB, target -10 dB (Table Il), K-R PCA-1 achieves +2.11 dB. This superiority over
matched filtering with perfect CSI (+0.35 dB) is explained by MMSE interference cancellation: the
equalizer removes approximately 20 dB of communication signal power, reducing the target-to-
interference ratio in the residual from -20 dB (in Y) to approximately 0 dB. The matched filter operates
on Y where the target is buried 20 dB below the communication channel; PCA-1 operates on the residual
where most of that interference is already cancelled. PCA-1 does not outperform the theoretically
optimal detector—it outperforms the matched filter because MMSE pre-cancels interference.

TABLE Il: BASELINE COMPARISON (UMI, SNR=20 DB, N>200)
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Method Diff Cl p MMSE

Conv. 2D-FFT  -0.47 .01 <.001 No i
Matched (CSI) +0.35 +.09 <.001 No M
Res. PCA-O -3.39 +15 <.001 Yes N
PCA-1 (ours) +2.11  +25 <001 Yes v
Res. PCA-5 -1.10 +33 <.001 Yes i

Over 500 trials, all target gains -5 to -30 dB achieve p < 0.001. Peak: +2.12 £ 0.16 dB at -10 dB. MIMO
scaling: SISO +1.62 — 4x4 +2.53 dB (ClI narrows 60%). Single-frame CFAR remains unachievable (H1/HO
= 1.0); multi-frame accumulation bridges the gap to Pd = 0.98 at Pfa = 0.01 with 50 frames (27 ms),
detailed in [6]. Fig. 2 visualizes the baseline comparison.

B. Complexity

Benchmarked on a modern CPU: power iteration (rank-1 SVD) costs 0.08 ms versus 1.2 ms for full SVD—
93% cheaper. The complete R-step (power iteration + FFT) adds 0.23 ms, representing 27% overhead on
the 0.85 ms communication baseline (channel estimation + MMSE). Total K-R receiver: 1.08 ms/frame.
Algorithm 1 requires one full SVD per channel-change event, not per frame.

V. CONCLUSION

We introduced n, as the first subspace-geometry-based predictor of residual sensing feasibility in OFDM
ISAC. Low-rank artifacts are universal across 12 channels, but separability depends on n,: below 0.05
enables +1 to +4.5 dB differential; above 0.10 fails. A multi-variable model incorporating propagation
features achieves R? = 0.55 across 180 operating points. The blind Algorithm 1 selects optimal rank
without oracle knowledge, extending feasibility to 11/12 channels. K-R PCA-1 outperforms all baselines
because MMSE pre-cancels ~20 dB of communication interference. These findings establish the
subspace conditions for residual-based sensing without dedicated hardware.
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Subspace Overlap Predicts Residual Sensing Feasibility
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Figure 1

n1 predicts residual sensing feasibility (R? = 0.35 at fixed conditions, R? = 0.55 in multi-variable model
with 180 points). Circles: parametric channels. Squares: 3GPP CDL. Green: n1 < 0.05 (feasible). Red: n1 >
0.10 (fails).
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Baseline Comparison — PCA-1 Outperforms All Methods
(UMi, SNR=20 dB, Target=—10 dB, N=200 trials, all p<0.001)
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Figure 2

Baseline comparison: K-R PCA-1 (+2.11 dB) outperforms all methods. The MMSE equalizer cancels ~20
dB of communication interference, giving the residual far better target visibility than the raw signal. Error
bars: 95% ClI.
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