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The Case for Pairing Light with Radio

LEARNING OBJECTIVES

After working through this chapter you will be able to:

¢ state the physical reasons why an indoor optical link and an
indoor radio link fail under different conditions, and explain
why that difference — not raw capacity — is the engineering
argument for combining them;

¢ compute a first-order comparison of the two media at a com-
mon operating point and identify which impairment domi-
nates in each case;

¢ describe the canonical reference room, luminaire layout and
parameter set used for every numerical result in this book;

¢ apply the four-level evidence precedence rule and the four
status tags used throughout the text, and explain why a control
condition is required before an injected failure may be credited
with an effect;

¢ summarise the six findings from the underlying corpus that
materially changed the quantitative picture, and locate each in
the chapter that develops it.

1.1 A room is a communications problem

Consider an ordinary office: five metres square, a three-metre ceiling,
four luminaires on a regular grid, desks at 0.8 m, and between one and
a dozen people with laptops and handsets. Every one of those devices
is asking for capacity, and the room has exactly two ways of supplying
it. It can radiate at 5 GHz from an access point on the ceiling, sharing an
unlicensed band with every other access point within earshot through
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the walls. Or it can modulate the luminaires that are already switched
on, at rates the human visual system cannot perceive, and detect the
result with a photodiode a few square millimetres in area.

The first option is mature, standardised, and increasingly con-
gested. The second is the subject of three international standards —
IEEE 802.15.7 for short-range optical wireless links [?], ITU-T G.9991
for high-speed indoor optical wireless transceivers [?], and since 2023
IEEE 802.11bb, which brings light communication into the wireless
local area network family proper [?] — and is now leaving the lab-
oratory. The physics has been understood since Kahn and Barry’s
foundational treatment of wireless infrared communication [?] and
Komine and Nakagawa’s analysis of communication using illumina-
tion LEDs [?]; the intervening two decades have been spent making it
into a network [?, ?, ?].

The temptation, when two media are available, is to ask which
is better. That question has no useful answer, because the two do
not fail in the same way. Radio degrades gracefully with distance
and catastrophically with interference; light degrades gracefully with
interference and catastrophically with an interposed body. Radio
penetrates the wall behind you, which is convenient for coverage and
inconvenient for confidentiality; light does not, which is inconvenient
for coverage and convenient for confidentiality. Radio needs licensed
or contested spectrum; light needs the ceiling fixtures to be switched
on, which in an office they are, and which in a darkened room they are
not.

The engineering argument for a hybrid network is therefore not
that light plus radio is faster than either. It is that the joint failure
probability of two subsystems with substantially independent failure
mechanisms is far smaller than the failure probability of either alone.
That is an availability argument, and availability is the currency in
which indoor networks are actually purchased. This book takes that
argument seriously enough to test it, and Chapter 5 will show precisely
how much of it survives contact with a measurement.

1.2 What light offers, and what it costs

An optical wireless link in the visible band uses intensity modulation
with direct detection, almost universally abbreviated IM/DD. The
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transmitter varies the optical power emitted by an LED; the receiver
measures the instantaneous optical power incident on a photodiode
and produces a proportional current. Neither phase nor polarisation
survives this process, so the entire apparatus of coherent communi-
cation is unavailable. Three consequences follow immediately and
structure the whole of Chapters 2 and 3.

First, the transmitted signal must be real and non-negative, be-
cause optical power is. This is not a modelling convenience; it is
a hard constraint that forces either a DC bias, which wastes power,
or an asymmetric clipping scheme, which wastes bandwidth. The
standard resolutions — DC-biased optical OFDM and asymmetrically
clipped optical OFDM — were developed precisely to negotiate this
constraint [?, ?, ?], and their relative merits are a recurring theme of
Chapter 2.

Second, the achievable rate of an IM/DD channel is not given by
the Shannon-Hartley formula. The capacity of the free-space optical
intensity channel is not known in closed form; only bounds are avail-
able [?]. Throughout this book the rate of an optical link is therefore
written as a lower bound

(1.1)

SN
RVLC =B 10g2 (1 + Ropt> ’

FS”P

where I'g,, is a modulation-dependent signal-to-noise ratio gap, taken
as 3.2 dB for 4-PAM at a bit error rate of 10~3. Every optical rate quoted
in this book carries that gap and that caveat. A reader who compares
these numbers with a Shannon capacity computed for a radio link is
comparing a bound with a bound of a different kind, and Chapter 5
treats the resulting fair-comparison problem explicitly.

Third, the geometry matters far more than it does for radio. The
channel gain of a line-of-sight optical link falls as 1/d? but is addition-
ally modulated by cos™ ¢ at the transmitter and cos i at the receiver, so
a device lying flat on a desk and the same device held at 30° in a user’s
hand see materially different channels. Receiver orientation has been
measured and modelled as a first-class random process for exactly
this reason [?, ?]. A body between the luminaire and the photodiode
removes the line-of-sight path entirely, leaving only reflected energy
that in a typical office is one or two orders of magnitude weaker.

Against these costs, light offers three things radio cannot. Its spec-
trum is unregulated and effectively unbounded. Its spatial contain-
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ment is near-perfect, which converts an entire class of eavesdropping
attacks into a physical-access problem [?, ?]. And its infrastructure is
already installed and already powered, for the unrelated reason that
people need to see.

1.3 What radio offers, and what it costs

An indoor 5 GHz radio link is, by comparison, a solved engineering
problem with an unsolved deployment problem. The propaga-
tion physics is standardised: the 3GPP indoor-hotspot model of
TR 38.901 [?] gives line-of-sight and non-line-of-sight path loss
branches and a line-of-sight probability that blends them, and
Chapter 4 uses it throughout in preference to any custom fit. Multiple-
antenna techniques multiply the rate of a single link by a factor that
is well understood [?, ?]. Wide channels are available: 80 MHz is
ordinary in an enterprise deployment.

What radio does not have is exclusivity. In any realistic office the
access point serving a user is one of several sharing the same channel,
and the resulting interference, not the distance to the serving access
point, sets the achievable rate. Chapter 4 makes this quantitative
and it is worth previewing the magnitude: in the corpus underlying
this book, adding realistic multi-access-point interference to a radio
simulator that had previously modelled a single isolated access point
reduced the reported rate from 1,704 Mbit/s to 58.4 Mbit/s. That is a
factor of twenty-nine, and it is the difference between a radio baseline
that makes optical wireless look indispensable and one that makes it
look marginal.

The single most common methodological failure in the hybrid
optical-radio literature is an artificially weak radio baseline: a
narrow channel, a single access point, no interference, no multiple-
antenna gain. The corpus underlying this book states the rule
explicitly and this text adopts it: the radio baseline must not be
weakened to favour light. Use the standardised indoor-hotspot
propagation model rather than a custom fit, use 80 MHz rather
than 20 MHz, include 2 x 2 spatial multiplexing, model two to
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four co-channel neighbours, and report both the best case and the
typical case. Chapter 4 shows that following this rule changes the
comparison by more than an order of magnitude.

1.4 Complementarity is a claim about failure modes

Figure 1.1 makes the argument in two panels. The left panel plots
the electrical signal-to-noise ratio of the optical link and the signal-to-
interference-plus-noise ratio of the radio link against horizontal offset
from a luminaire, both computed from the validated channel models
developed in Chapters 3 and 4. The optical curve is sharply peaked:
directly beneath the luminaire it is excellent, and it decays quickly as
the irradiance and incidence angles open. The radio curve is nearly flat,
because at these distances the radio link is interference-limited rather
than distance-limited. Neither curve dominates the other everywhere,
which is the first half of the complementarity claim.

The second half is the right panel, which is the more important
one. It plots relative link quality for each medium under four im-
pairment conditions: a body blocking the line of sight, a co-channel
neighbouring access point appearing, the receiver being tilted away
from the ceiling, and the luminaire being dimmed for occupant com-
fort. The pattern of vulnerability is close to complementary. Blockage
devastates the optical link and leaves the radio link almost untouched.
Co-channel interference devastates the radio link and leaves the optical
link almost untouched. This is what makes the pair worth building:
not that they add capacity, but that they fail at different times.

The complementarity thesis. A hybrid optical-radio network is
justified not by the sum of the two capacities but by the product
of the two outage probabilities. If the outage events were per-
fectly correlated the hybrid would be no more available than its
better half; if they are independent, joint outage is the product
of two small numbers. Chapter 5 derives that availability model,
states the independence assumption it rests on, and shows exactly
how much of the claimed gain survives when the assumption is
relaxed.
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Light is sharp, radio is flat Each fails where the other survives
VLC (light) N RF
40 - = RF (radio, 2 interferers)
1.0
351
>
_ £ 0.8 A
m 304 s
el =]
= [S2
- 4
= 25 £ 061
o 20 s
o - =
z ©
2 15 g %%
10 + 0.2 4
5 —————
T T T T T T T 0.0
0.0 0.5 1.0 1.5 2.0 2.5 3.0 Clear Body Device Through

Horizontal offset from luminaire (m) line of sight blockage tilted 60 deg  a wall

Provenance -- Left: computed from code/optical + code/rf (canonical geometry). Right: qualitative synthesis of
ch02/ch05 availability tables - illustrative, not measured.

Figure 1.1. Why pair light with radio at all. Left: optical signal-to-noise
ratio and radio signal-to-interference-plus-noise ratio against horizontal offset
from a luminaire, computed from the validated channel models of Chapters 3
and 4. Right: relative link quality of each medium under four impairment
conditions. The failure modes are complementary rather than overlapping,
which is the engineering argument for the hybrid architecture. The right
panel combines computed link quantities with availability values stated in
the source corpus; that mixed provenance is recorded on the figure itself.

1.5 The reference system used throughout this book

Every numerical result in this book refers to one of two scenarios, and
both are stated here so that no number in later chapters is orphaned
from its geometry. This is not a formality. As Chapter 3 will show, three
different line-of-sight channel gains circulate in the source corpus for
what its prose calls a single geometry, and all three are arithmetically
correct; the defect is that the geometry silently changes underneath
them. Naming the scenario is therefore part of stating the result.
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Table 1.1. The canonical reference scenario. Unless a passage states other-
wise, every numerical result in this book uses these values. The complete
parameter set, including the values used only by particular experiments, is

given in Appendix A.
Parameter Value Note
Room 5mx5mx3m Open-plan office cell
Luminaires 4, ceiling grid Positions in Appendix A
Luminaire height 2.8m Suspended below the 3m
ceiling
Receiver plane 0.8m Desk height
Vertical separation 2.0m = 2.8 — 0.8; the canonical
value
LED semi-angle ®;,,  60° Lambertian order m = 1.0
Optical transmit power 10W Per luminaire
Py
Photodiode area App  1cm? 10~4m?
Responsivity Rpp 0.6 A/W Silicon PIN
Field of view ¥, 70° Half-angle
Concentrator indexn 1.5 Dielectric
Filter transmission Ts; 1.0 Idealised
Optical bandwidth B 20 MHz Phosphor-converted LED
limited
Background 51pA 500 Ix office ambient
photocurrent I,
Modulation gap I'gzp ~ 3.2dB 4-PAM at BER 1073
Radio access points 1 (plus Ceiling mounted
co-channel
neighbours)
Carrier f, 5GHz Unlicensed band
Radio bandwidth W 80MHz Enterprise channel
Transmit power Py 20dBm Regulatory limit
Antenna gains Gy /Gry 3dBi / 0dBi Simulator defaults
Propagation model 3GPP TR 38.901 [?]
InH
Shadowing oy, 4dB Open office
Users 4 (sparse) or 8 Waypoint mobility

(dense)
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Parameter Value Note

Walking speed 14m/s Nominal

Control decision 100 ms Fixed throughout
interval T,

Simulation step 0.1s 60 steps per episode

Worked Calculation 1.1 First comparison of the two media at the
reference point

Take a user at a 1 m horizontal offset from the nearest luminaire,
on the desk plane. The vertical separation is 2.0m, so the Eu-
clidean separation is

d=+202+1.0%2=22361m, — 1 = arctan (19) = 26.565°.
20

Chapter 3 will derive the channel gain and obtain Hi,s =
1.2977 x 1075, hence a received optical power of

P, = PHyos = 10W x 1.2977 x 1075 = 129.77 W,

a signal photocurrent of RppP, = 77.86 nA, and after the noise
analysis of Section 3.5 an electrical signal-to-noise ratio of 39.06 dB.
Substituting into (1.1) with T'g;p, = 3.2dB,

Ryrc = 20MHz X log, (1 + 80563) = 238.3 Mbit/s.

2.089

This value is [EEGIINFDY: it is recomputed on the canonical
geometry rather than taken from the corpus, for reasons Chapter 3
sets out. The radio link at the same point, on a single unloaded
access point with no co-channel neighbours, delivers of order
1,700 Mbit /s across 80 MHz. With three co-channel neighbours it
delivers of order 58 Mbit/s.
Read the result carefully. The optical link is between seven times
worse and four times better than the radio link depending entirely
on how many radio neighbours you model. No statement of the form
“light beats radio indoors” or “radio beats light indoors” survives
this sensitivity. What does survive is the observation that the
two numbers move for completely different reasons, which is the
complementarity thesis restated in arithmetic.
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Worked Calculation 1.1 is the first of forty in this book, and every
one of them is reproducible from a few lines of code. Listing 1.1
gives the scaffold: an immutable description of the reference scenario,
and the geometry function that turns a user position into the three
quantities every optical channel calculation needs. It is deliberately
minimal — there is no channel model here yet —but it already enforces
the discipline this chapter argues for, because the geometry cannot be
evaluated without a fully specified room.

from dataclasses import dataclass
import numpy as np

@dataclass (frozen=True)
class Scenario:

def

"""Canonical reference scenario of Table 1.1. Frozen: a result
may not be

produced under a geometry that was mutated after the run
started."""

room: tuple = (5.0, 5.0, 3.0) # metres

luminaire_height: float = 2.8 # metres

desk_height: float = 0.8 # metres

semi_angle_deg: float = 60.0 # LED half-power semi-

angle

p_tx_optical_w: float = 10.0 # per luminaire

a_pd_m2: float = le-4 # 1 cm”™2

responsivity_a_per_w: float = 0.6

fov_deg: float = 70.0

n_refractive: float = 1.5

filter_gain: float = 1.0

bandwidth_hz: float = 20e6

i_bg_a: float = 5.1le-6

snr_gap_db: float = 3.2 # 4-PAM at BER le-3

@property

def luminaires(self) -> np.ndarray:

return np.array([[1.25, 1.25, self.luminaire_height],

[3.75, 1.25, self.luminaire_height],
[1.25, 3.75, self.luminaire_height],
[3.75, 3.75, self.luminaire_height]])

@property

def lambertian_order (self) -> float:

return -np.log(2.0) / np.log(np.cos(np.radians(self.
semi_angle_deq)))

geometry (p_user: np.ndarray, p_led: np.ndarray):

"""Return (distance, irradiance angle, incidence angle) in
metres and

radians for a downward luminaire and an upward-facing receiver.

nan

delta = p_led - p_user
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d = float (np.linalg.norm(delta))
if d == 0.0:

raise ValueError ("receiver coincides with the luminaire'")
cos_phi = float (delta([2] / d) # LED normal is (0, 0, -
1)
cos_psi = cos_phi # receiver normal is (0,
0, +1)

return d, np.arccos(cos_phi), np.arccos(cos_psi)

Listing 1.1. The reference scenario and the geometry it implies. Chapters 2
and 3 extend this module rather than replacing it.

Running geometry for a user 1 m from the nearest luminaire on
the desk plane returns 2.2361 m and 26.565° for both angles, which is
the first line of Worked Calculation 1.1 and the assertion that Lab 1.1
asks you to write.

1.6 Where the evidence in this book comes from

The quantitative content of this book rests on a single engineering
corpus: a complete book-production repository for an indoor hybrid
VLC/RF system, comprising twenty-eight Python simulation modules,
seventeen raw experiment result files, a set of formal model specifica-
tions, and twenty governance registries recording models, algorithms,
datasets, experiments, metrics, claims and limitations. The corpus was
unpacked, inventoried, hashed, re-executed where the environment
allowed, and audited where it did not.

That process produced 111 distinct quantitative observations, and
it produced something the original corpus did not contain: an explicit
epistemic status for each of them. The distribution is worth stating at
the outset, because it is unusual to see it stated at all.

1.6.1 The precedence rule

When two artefacts in an engineering corpus disagree, something has
to break the tie, and the choice of tie-breaker is itself a technical deci-
sion. This book adopts a four-level precedence rule, applied uniformly
and stated wherever it bites.

1. Executable, validated code outranks everything. If a module
computes the quantity and its output can be reproduced, that
output is the value.
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Table 1.2. Epistemic status of the 111 observations underlying this book. The
full ledger, with source file and caveat for every row, is Appendix D.

Status Count Meaning
77 Reproduced from the archived experiment out-

put, or accepted unchanged after inspection of the
generating code.

14 Recomputed here, because the published figure
was arithmetically wrong, non-comparable across
arms, or not causally attributable to the stated
cause.

12 Could not be re-executed — the deep-learning de-
pendency is absent from the corpus requirements
file — and is therefore reported as archived, with
its provenance conflict displayed rather than re-
solved by fiat.

8 Contradicted by a control condition or by the gen-
erating code. Must not be reused.

2. Raw experiment output outranks specification documents — but
only where a control condition demonstrates that the measurement is
causally attributable to the manipulation it is credited to. Raw data
produced by defective code is still defective data.

3. Formal model specification documents outrank prose.

4. Chapter prose ranks last. Prose is a report about the system; it is
never the system.

The second clause carries most of the weight and is the one most
often omitted. It is easy to accept that a specification document loses
to a measurement. It is much less comfortable to accept that a mea-
surement loses to a control arm that shows the measurement was
measuring nothing. Section 1.7 gives the case that forced this clause
into the rule.

1.6.2 Why a control arm is not optional

The decisive question in Figure 1.2 is the third: is there a control condition
isolating the claimed cause? An experiment that injects a failure into a
subsystem, observes a small throughput reduction, and reports that
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STATUS LEGEND

Is there an CONFIRMED
Published executable (as published)
priviey artefact that HARMONIZED
producbe S })he (re-reported)
ni ?
o Does UNVERIFIABLE
(as stated)

re-execution
reproduce the
number?

RETRACTED
(not attributable)

Is there
a control
condition
isolating the
claimed
cause?,

No

Does the

control arm
differ from the
treatment
arm?

CONFIRMED -
report AS
PUBLISHED

UNVERIFIABLE - | | PEFECT-loealise | | app contRoL
report as stated, correct, r&repnrfas RM
flag provenance HARMONIZED then re-run
B PRECEDENCE LADDER
r & )
z del
BE : mode
5 executable raw experiment it chapter
= 4, ot f 3 specification 4
& E T validated code data with a control documents prose
£z )
S LOWEST AUTHORITY

Figure 1.2. The adjudication procedure applied to every contested number
in this book. A claim is promoted to only if an executable
artefact produces it, re-execution reproduces it, a control condition isolates
the claimed cause, and the control arm differs from the treatment arm. Failure
at each gate maps to a specific status tag. The precedence ladder beneath the
flowchart is the tie-breaking rule of Section 1.6.1.

reduction as the cost of the failure has established nothing unless it also
shows that the same measurement, run with no failure injected, does
not produce the same reduction. Mobility, random channel realisations
and measurement-window placement all produce drift on their own.

This is not a novel methodological demand; it is the ordinary
standard in experimental science, and it is the explicit foundation of
resilience practice in production systems, where deliberately injecting
faults into a running system is meaningful only against a steady-state
hypothesis [?]. It is nevertheless routinely absent from simulation
studies in networking, and Chapter 11 shows what its absence cost in
this corpus.
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1.7 Six findings that changed the picture

The audit of the corpus produced six results that materially changed
its scientific content. Each is introduced here and developed in the
chapter indicated. They are stated in the introduction rather than
buried because a reader who knows in advance which claims are
contested reads the intervening chapters differently, and better.

One: the flagship optical operating point belongs to the wrong room.
The corpus reports a reference electrical signal-to-noise ratio of 34.1 dB.
That figure is arithmetically correct — and it is computed for a 3 m ceil-
ing with no desk, not for the corpus’s own declared default geometry
of a 2.8 m luminaire over a 0.8 m desk. On the declared geometry the
same operating point yields 39.06 dB, an understatement of 4.98 dB.
Chapter 3, Section 3.3.

Two: a thermal-noise coefficient differs between chapters, and it is
material. One chapter of the corpus carries 327> in the B® term of
the transimpedance-amplifier noise model where four other sources,
including the only executable one, carry 48712, At the reference operat-
ing point the difference is 1.76 dB — larger than half the modulation
gap used in the rate calculation — and because the term scales as B? it
grows with bandwidth. Chapter 3, Section 3.5.

Three: an accounting asymmetry inverted a headline conclusion.
In the joint association and resource-allocation experiment, the
greedy baseline was credited the full per-access-point rate while the
proportional-fair policy was charged the load-shared rate. The two
policies were therefore scored on different bases, and greedy was
inflated by exactly the user count — verified as 4.00x at four users
and 8.00x at eight. Correcting the accounting flips the sparse-scenario
result from —71.6% to +13.4% in favour of proportional fair. The bias
ran against the corpus’s own preferred policy, which is the direction
that almost never gets caught. Chapter 7, Section 7.5.

Four: a resilience result was an artefact of an inert scenario. Three
published figures — 0.15%, 0.2% and 42.1% — circulate for the through-
put cost of losing all optical access points. A no-failure control arm,
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added during the audit, degrades by the identical 0.1511%. The diag-
nostic explains why: under greedy association the radio access point
outranks every luminaire at every user position, so the fraction of users
served by light is 0.000, and removing light cannot change anything.
All three figures are retracted. The corpus’s real resilience finding —
that radio, not light, is the backbone — survives and is strengthened:
90.47% throughput loss when the sole radio access point is removed,
against 0% for light. Chapter 11, Section 11.3.

Five: two of three security results are inert rather than defended.
The attack experiment reports 0% impact for measurement spoofing
and for forced handover, and a companion table attributes that 0%
to cross-validation and mutual authentication. The code implements
neither, nor any detection logic. The 0% is the same static association
reappearing. The “with defence” column is withheld from every table
in this book rather than reproduced. Chapter 11, Section 11.5.

Six: the learned controller did not beat the rule it replaced, and the
record does not reconcile. Across fifty seeds, a threshold rule, an
online deep Q-network and an offline conservative Q-learning agent
produce overlapping ninety-five per cent confidence intervals with a
reported p-value of 0.45. Separately, two files in the corpus give mutu-
ally exclusive accounts of the same trained agent, differing by roughly
a factor of two, and a third contains byte-identical statistics for two
algorithms that were supposedly trained independently. Chapter 9,
Sections 9.5 and 9.6.

EVIDENCE NOTE how to read the six findings

None of these findings implies that the underlying engineering is
wrong. Four of the six leave the corpus’s qualitative conclusions
intact and two of them strengthen those conclusions once the
arithmetic is repaired. What they establish is narrower and more
useful: that in simulation-based network engineering, the code is
the apparatus, and an apparatus that has never been calibrated
against a control produces numbers whose sign cannot be trusted.
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1.8 What a complete hybrid system contains

It is worth having the whole system in view before dismantling it. A
deployable hybrid optical-radio network has five layers, and this book
devotes at least one chapter to each.

The device and medium layer is the LED driver, the DC bias
network, the photodiode and transimpedance front end, and the radio
front end. It fixes what is physically possible and it imposes the two
hard limits of Chapter 2.

The measurement and estimation layer samples received signal
strength and signal-to-noise ratio, estimates the channel, detects block-
age and orientation change, and — a component absent from most
published architectures and from the corpus underlying this book —
validates the measurements before they are used. Chapter 11 shows
why an unvalidated measurement path is an attack surface.

The control plane decides. It selects an association, executes han-
dovers, allocates resources, and admits or rejects load, all within a
decision interval of 100 ms. Chapter 8 specifies it formally, including
the interfaces between it and the layers above and below.

The assurance plane monitors the control plane and can override it.
It hosts the runtime safety invariants of Chapter 8, the fault detection
and failover logic of Chapter 11, the anomaly detection of Section 11.5,
and the evidence logger whose output becomes Appendix D.

The management and policy plane sets illumination policy, service-
level objectives and the model lifecycle. It operates on timescales of
hours to days and is the layer at which a learned policy is promoted,
demoted or rolled back — a lifecycle question that Chapter 10 argues
is inseparable from the learning algorithm itself.

1.9 The running deployment

A textbook that develops only closed-form models teaches a language
rather than a practice. This book therefore carries a single running
deployment through all twelve chapters, referred to as Northgate
House: an open-plan office floor with the geometry of Table 1.1, four
luminaires, one ceiling radio access point with two co-channel neigh-
bours on adjacent floors, and a population of between four and sixteen
mobile users. Every chapter poses at least one Northgate design ques-
tion and answers it with a computation, and the capstone project of
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Table 1.3. Roadmap. Each chapter closes with review questions, discussion
prompts and at least one implementation lab; the labs compose into the

capstone of Appendix E.
Ch. Subject Artefact produced
1 The complementarity Evidence discipline; reference scenario
case
2 Optical front ends LED operating-point calculator; bias opti-
miser
3 The optical channel Validated channel and noise model; link
budget
4 The indoor radio 3GPP path-loss and interference model
channel
5  The hybrid link Availability model; fair-comparison proto-
col
6  Mobility and handover = Hysteresis and time-to-trigger controller
7 Association and Greedy and proportional-fair allocators
allocation
8  The control plane Layered controller; four runtime invariants
9  Reinforcement learning ~MDP formulation; deep Q-network; confi-
dence intervals
10  Learning from logs Offline agent; poisoning and shift diagnos-
tics
11  Resilience and security ~ Fault-injection harness with control arm;
threat model
12 Energy and deployment Energy accounting; case study; maturity

assessment

Appendix E asks the reader to build, control, attack and document the
whole thing.

1.10 Roadmap

Table 1.3 maps the twelve chapters against the artefacts they produce.
The right-hand column is deliberately concrete: a chapter that does not
leave the reader with something runnable or auditable has not earned
its place in a book of this kind.
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Chapter Summary

An indoor hybrid optical-radio network is justified by the near-
independence of its two failure mechanisms rather than by the sum
of its two capacities. Light is limited by geometry, orientation and
blockage; radio is limited by co-channel interference. The canonical
reference scenario of Table 1.1 — a 5 m square office, four luminaires
at 2.8m, a 0.8 m desk plane, 20 MHz of optical bandwidth and 80 MHz
of radio bandwidth — fixes every numerical result that follows, and
naming it is part of stating a result rather than a formality.

The book’s evidence discipline is a four-level precedence rule in
which executable code outranks raw data, raw data outranks specifi-
cations, specifications outrank prose, and raw data is admissible only
where a control condition establishes causal attribution. Applied to
the 111 observations behind this book, that rule produced 77 confir-
mations, 14 recomputations, 12 unverifiable records and 8 retractions,
and it exposed six findings — a mis-attributed operating point, a ma-
terial noise-coefficient error, an accounting asymmetry that inverted
a conclusion, an inert resilience scenario, two undefended security
results and a learned controller that did not beat its baseline — each
developed in a later chapter.

Review Questions

R1.1 State the complementarity thesis in terms of outage probabilities
rather than capacities. Under what correlation structure between
the two outage events does the argument collapse?

R1.2 The optical rate expression (1.1) carries a factor I'g,), that the radio
Shannon expression does not. Explain what I'¢,), represents and
why omitting it would make a hybrid comparison unfair in a
specific direction.

R1.3 Using Table 1.1, compute the Euclidean separation and the irra-
diance angle for a user at a horizontal offset of 2.0 m from the
nearest luminaire on the desk plane. State both to four significant
figures.

R1.4 A colleague reports that removing all optical access points from
a simulation reduced throughput by 0.15%, and concludes that
the optical subsystem is not load-bearing. What single addi-
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R1.5

R1.6

R1.7

R1.8

tional experimental arm would you require before accepting the
conclusion, and what would you expect it to show?

Explain why clause 2 of the precedence rule of Section 1.6.1 —
that raw data is admissible only with a control — is stronger
than the usual instruction to prefer data over documentation.
Give an example from Section 1.7.

The radio rate at the reference point falls from 1,704 Mbit/s to
58.4 Mbit/s when three co-channel access points are modelled.
Compute the ratio, express it in decibels of signal-to-interference-
plus-noise ratio assuming the rate is Shannon-limited over
80MHz, and comment on whether the resulting interference
level is plausible for an office.

Distinguish the four status tags used in this book. Which of
them may be safely reused in a downstream calculation without
further work, and which may not?

Name the five architectural layers of Section 1.7 and state, for
each, its characteristic timescale and the chapter of this book that
specifies it.

Discussion Prompts

D11

D1.2

D1.3

The corpus underlying this book contained a rule that the ra-
dio baseline must not be weakened to favour light — and then
contained a chapter whose link budget used a custom path-loss
model that was 5.9 dB optimistic relative to its companion chap-
ter. Discuss why explicit methodological rules so often fail to
bind the documents that state them, and what organisational
mechanism would make them bind.

Eight of 111 observations in this book are retracted. Is that a high
number or a low one? What would you need to know about
a comparable corpus to answer that question, and why is the
comparison almost never available?

Light does not pass through walls. Argue both sides: that this
makes optical wireless inherently more secure, and that it merely
relocates the same attack to a different physical position. Which
side does Chapter 11 support?
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D1.4 A deployment engineer proposes to skip the assurance plane
entirely on the grounds that it adds latency to no user-visible
benefit. Construct the strongest version of that argument, and
then the strongest rebuttal.

Hands-On Lab
HANDS-ON LAB 1.1 — Reproducing the reference operating point

Objective. Build the minimal computational scaffold that every
later lab extends, and reproduce the two anchor numbers of this
chapter to within one part in 10°.

Tasks.

1. Create a Python module scenario.py thatencodes Table 1.1
as an immutable dataclass. Place the four luminaires on a
regular grid and expose a method returning the position of
the nearest luminaire to an arbitrary point on the desk plane.

2. Implement geometry (p_user, p_led) returning (d,¢, )
for a downward-pointing luminaire and an upward-pointing
receiver. Verify against Worked Calculation 1.1: d = 2.2361 m,
¢ =1 =26.565°.

3. Without yet implementing the channel model, hard-code
Hios = 1.2977 x 107° and compute P, and the signal pho-
tocurrent. Confirm 129.77 uW and 77.86 pA.

4. Write a single test file asserting all four values to four sig-
nificant figures. This test file must still pass at the end of
Chapter 3, when the hard-coded gain is replaced by a com-
puted one.

Deliverable. scenario.py, test_scenario.py, and a two-
sentence note recording which of the four values you consider
and which [EIGIENFETA, with a justification refer-
ring to Section 1.6.1.
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Further Reading

For the physics of non-directed optical wireless links, Kahn and
Barry [?] remains the clearest single treatment and Komine and Nak-
agawa [?] is the standard reference for communication using illumi-
nation LEDs. Pathak et al. [?] and Karunatilaka et al. [?] survey the
networking layer. Haas [?, ?] makes the system-level case for light as
a cellular medium and Ayyash et al. [?] the case for coexistence with
radio specifically. For the standardised radio side, 3GPP TR 38.901 [?]
is the working document. On the methodological argument of Sec-
tions 1.6.1 and 1.7, Soergel [?] is a short and uncomfortable read on
the rate of defects in scientific software, and Basiri et al. [?] give the
production-systems version of the control-arm argument.



