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I. Speckle intensity correlations

The speckle intensities are correlated, and this plays an important role in the enhanced control range of wavefront
shaping. Let Tab ≡ |tba|2 denote the transmitted flux (namely, speckle intensity) from input channel a to output
channel b. In the diffusive regime, the intensity correlations take on the form

Cab,a′b′ ≡
〈TabTa′b′〉
〈Tab〉〈Ta′b′〉

− 1,

= C
(1)
ab,a′b′ + C

(2)
ab,a′b′ + C

(3)
ab,a′b′ ,

≈ δaa′δbb′ +
2

3g
(δaa′ + δbb′) +

2

15g2
,

(S1)

where the angular brackets denote ensemble average over different realizations of disorder. The terms C(1), C(2),
C(3) are called short-range, long-range, and infinite-range correlations, for C(1) decays exponentially with the channel
displacements ∆a ≡ a′ − a and ∆b ≡ b′ − b, C(2) decays as a power law, and C(3) is independent of ∆a and ∆b.
For a waveguide geometry with the incident wave covering the entire cross section, the dimensionless conductance g
is given by g ≡

∑
a,b Tab (summing over all waveguide modes), and the expressions for C(1), C(2), C(3) was derived

in Ref. [1]. For incident beams with a finite beam width, the form of C(2) is modified [2–4], resulting in g’s that
depend on the illumination spot’s size and shape (see section V). The last line of Eq. (S1) applies when the channel
differences ∆a and ∆b are large; it is also generally valid in quasi-1D geometries where all the input and output
channels are statistically equivalent (isotropic assumption) [5, 6]. For reviews see Refs. [7, 8].

We can evaluate the intensity correlations from the experimentally measured transmission matrices t̃ba. Here we
are interested in the correlations among the output channels {b} for a fixed input a, given by Eq. (S1) with a′ = a
and b′ = b + ∆b. When ∆b = 0, Cab,ab ≈ 1 is dominated by the short-range correlation (or, simply the speckle

intensity fluctuation). When ∆b is large, Ca,b,a,b+∆b ≈ 2/(3g) is dominated by the first term of C(2); note that this

first term of C(2) is independent of ∆b.
When the ensemble average is approximated by averaging over K realizations, the uncertainty in Cab,a′b′ is roughly

1/
√
K. Therefore, to resolve the background of 2/(3g), one needs to average over a very large number K � (3g/2)2 >∼

0 20 40 60
Output channel difference Δb (CCD pixel unit)

10-4

10-3

10-2

10-1

100

Din ≈ 6 μm

Din ≈ 24 μm
Din ≈ 12 μm

In
te

ns
ity

 c
or

re
la

tio
n 

C
a,

b,
a,

b+
Δ

b

Supplementary Figure 1: Intensity correlation Cab,a′b′ between two output speckles (b′ = b+∆b) for a fixed input (a = a′),
determined from the experimentally measured transmission matrices.
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Supplementary Figure 2: Enhancement of the coherent control range due to long-range correlations, showing τ̃max − τ̃min

normalized by that of an uncorrelated matrix, τ̃
(MP)
max − τ̃

(MP)
min . Symbols are experimental data. Solid lines are the FRM

predictions by solving Eq. (S13). Dashed lines are predictions of the effective MP model; for Din ≈ 6, 12 µm they almost
overlap with the solid lines.

106 of realizations. Also, small and unintended variation within the ensemble (e.g. measurements made at two
sample locations where the thickness L differ slightly) can lead to an overestimate of Cab,a′b′ (and subsequently an
underestimate of g). To prevent artificial variations, for each b and each ∆b we replace the ensemble average with
an average over the output intensity from 1000 random input wavefronts. Since the normalization by 〈Tab〉〈Ta′b′〉
removes the dependence on b and since the correlations should only depend on the magnitude of ∆b, we average the
resulting Ca,b,a,b+∆b over 187×187 output channels {b} in our data, the four displacement vectors ∆b = (∆x,∆y),
(∆x,−∆y), (−∆x,∆y), (−∆x,−∆y), and the 10 sets of measured transmission matrices.
The resulting intensity correlation Ca,b,a,b+∆b as a function of ∆b is shown in Supplementary Fig. 1. A non-zero

constant background persists for arbitrarily large ∆b, meaning the output intensities at far-away pixels are still
positively correlated. We use the height of this background to determine g (see section IV).

II. Plot of eigenvalue range

In Supplementary Fig. 2, we show the ratio between the eigenvalue range τ̃max− τ̃min and that from an uncorrelated

matrix τ̃
(MP)
max − τ̃

(MP)
min , comparing the experimental data with theory predictions given in section III C–D.

III. Filtered random matrix (FRM) formalism

Consider a M2-by-M1 submatrix Ã of a larger N2-by-N1 matrix A, and let Λ and Λ̃ denote the eigenvalues of
the Hermitian matrices A†A and Ã†Ã. For what we consider in the main text, Ã = t̃ is the measured transmission
matrix, A = t is an effective full matrix, the distribution of Λ is known, and we want to know the statistics of Λ̃.

When A is random and in the limit of N1, N2, M1, M2 going to infinity with arbitrary but finite fractions
m1 ≡ M1/N1, m2 ≡ M2/N2, and α ≡ N1/N2, we can treat this problem analytically with free probability theory.

We write the filtered matrix as Ã = P2AP1, where P1 and P2 are N1-by-M1 and M2-by-N2 rectangular matrices

that project out the filtered columns and rows of the full matrix A, and define P1 ≡ P1P
†
1 and P2 ≡ P †

2P2. Ref. [9]

considered the case when A is square (α = 1) and derived the distribution of Λ̃. Here, we generalize to rectangular

A’s (necessary for the open slab geometry where t is not square) and derive the higher moments of Λ̃.

A. Central moments of the eigenvalues

The n-th moment of Λ̃ can be written as 〈Λ̃n〉 = 〈Λn
A†P2AP1

〉/m1 and then expressed as the moments of ΛA†P2A

and ΛP1
using the asymptotic freeness [10, 11] between A†P2A and P1. Then, using 〈Λn

A†P2A
〉 = 〈Λn

AA†P2
〉/α, the

asymptotic freeness between AA† and P2, and 〈Λn
AA†〉 = 〈Λn

A†A〉α, we can express 〈Λ̃n〉 with the moments of Λ.
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Supplementary Figure 3: Normalized kurtosis of the eigenvalues, Kurt(τ̃)/[〈τ̃〉4(M1/M2)
3]. Same convention as Supple-

mentary Fig. 2.

After some algebra, we obtain

〈Λ̃〉 = m2〈Λ〉, (S2)

Var(Λ̃) = m1m2

[
m2Var(Λ) + (1−m2)α〈Λ〉2

]
, (S3)

Skew(Λ̃) = m2
1m2

[
m2

2Skew(Λ) + 3m2(1−m2)αVar(Λ)〈Λ〉+ (1−m2)(1− 2m2)α
2〈Λ〉3

]
, (S4)

Kurt(Λ̃) = m2
1m2

{
m1m

3
2Kurt(Λ) + 4m1m

2
2(1−m2)αSkew(Λ)〈Λ〉

+ 2m2
2 [m1(1−m2)α+ (1−m1)m2] Var(Λ)

2 + 2m2(1−m2)α [m1(3− 5m2)α+ 2m2] Var(Λ)〈Λ〉2

+ (1−m2)α
2
[
m1(1− 5m2 + 5m2

2)α+ 2m2(1−m2)
]
〈Λ〉4 } , (S5)

with the variance being Var(Λ̃) ≡ 〈(Λ̃ − 〈Λ̃〉)2〉, the skewness Skew(Λ̃) ≡ 〈(Λ̃ − 〈Λ̃〉)3〉, and the kurtosis Kurt(Λ̃) ≡
〈(Λ̃−〈Λ̃〉)4〉. Eqs. (S2–S3) generalize Eqs. (S12–S13) in Ref. [9] to rectangular A’s. One may also write Eqs. (S3–S5)

using 〈Λ̃n〉 and 〈Λn〉, for which the expressions are longer but the symmetry between input m1 and output m2 is
more obvious.

The bimodal distribution in Eq. (1) of the main text has moments 〈τ〉 = T̄ , 〈τ2〉 = (2/3)T̄ , 〈τ3〉 = (8/15)T̄ , and
〈τ4〉 = (16/35)T̄ . Substituting these moments into Eqs. (S3–S5), we obtain Eqs. (2–3) of the main text for the
single-parameter scaling of the MP-normalized variance and skewness, and

Kurt(τ̃)

Kurt(τ̃ (MP))
=

[
1 + 4

(
M2

g
+

34M2
2

45g2
+

4M3
2

35g3

)
+

2M2

M1

(
1 +

4M2

3g
+

4M2
2

9g2

)](
1 +

2M2

M1

)−1

(S6)

for the kurtosis, which is valid when T̄ � 18/119. Here, the uncorrelated kurtosis is Kurt(τ̃ (MP)) = 〈τ̃〉4(M1/M2)
3(1+

2M2/M1) [12], and g ≡ N1T̄ is the dimensionless conductance. In general, this MP-normalized kurtosis depends
on both M2/g and M2/M1; but when M2/M1 is small, it will only depend on M2/g, similar to the MP-normalized
variance and skewness in Eqs. (2–3) of the main text. Supplementary Fig. 3 compares the experimental data with
the analytic prediction Eq. (S6) with the experimental g’s; we observe very good agreement with no fitting.

B. Eigenvalue distribution

The eigenvalue distribution pÃ†Ã(x) can be obtained through its resolvent (also called the Stieltjes transform)
gÃ†Ã(z). The derivation follows the same procedure as in Ref. [9]. For rectangular A’s, Eq. (S9) of Ref. [9] becomes

SA†P2AP1
(z) = SP2(αz)SA†A(z)SP1(z), (S7)

where SX(z) is the S-transform of matrix X, and Eqs. (3–5) in Ref. [9] becomes

L(z)gA†A (N(z)L(z)/D(z)) = D(z), (S8)
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where

N(z) = zm1gÃ†Ã(z) + 1−m1, (S9)

L(z) = zm1gÃ†Ã(z) + (1/α)−m1, (S10)

D(z) = m1gÃ†Ã(z) [zm1gÃ†Ã(z) + (m2/α)−m1] . (S11)

Once the complex-valued gÃ†Ã(z) is obtained by numerically solving Eq. (S8), the desired eigenvalue distribution
follows from the inverse Stieltjes transform, pÃ†Ã(x) = − limε→0+ ImgÃ†Ã(x+ iε)/π.
Note that when m2 = 1, the dependence on the shape parameter α drops out. In general, the number α ≡ N1/N2

for the shape of the full matrix A is important when only a fraction of the output is collected, but it is inconsequential
when m2 is large; this explains why it was okay for Ref. [13] (where m2 = 1) and Ref. [14] (where m2 = 0.5) to model
the full matrix A as being square.

C. Extremal eigenvalues

The extremal eigenvalues of Ã†Ã follow from the resolvent. From Eqs. (S8–S11), we can write

z =
[ξgA†A(ξ)− p] [ξgA†A(ξ)− q]

gA†A(ξ) [ξgA†A(ξ)− r]
(S12)

where ξ ≡ N(z)L(z)/D(z), p ≡ 1−m1, q ≡ 1− (m2/α), r ≡ 1− (1/α). At the upper or lower edge (z = z0) of the
distribution, the probability density becomes zero, and its slope diverges. That means gÃ†Ã(z0) is purely real and
|g′

Ã†Ã
(z0)| = ∞; this occurs when ∂z/∂ξ = 0. Taking the ξ derivative of Eq. (S12), we see that ∂z/∂ξ = 0 when

dgA†A(ξ)

dξ

∣∣∣∣
ξ=ξ0

= g2A†A(ξ0)
−pq + ξ20g

2
A†A(ξ0)− r [2ξ0gA†A(ξ0)− p− q]

pq [2ξ0gA†A(ξ0)− r]− (p+ q − r)ξ20g
2
A†A

(ξ0)
. (S13)

We solve Eq. (S13) for a real-valued ξ0, and plug it into Eq. (S12) to obtain the extremal eigenvalue z0. Typically,
there will be two solutions of ξ0, which gives the lower and upper edges. Eqs. (S12–S13) generalize Eqs. (S14–S15)
in Ref. [9] to rectangular A’s.

D. Effective MP model

Here we provide more details on the heuristic effective MP model introduced in the main text, and write it in a
more general setting that is not limited to the bimodal p(τ) distribution. In this model, instead of calculating the

eigenvalues Λ̃ associated with the M2-by-M1 matrix Ã which has correlated matrix elements in general, we calculate

the eigenvalues Λ̃(eff) associated with an uncorrelated M
(eff)
2 -by-M1 matrix Ã(eff). Since the matrix elements of Ã(eff)

are uncorrelated, the eigenvalues Λ̃(eff) follow the simple MP distribution [12]

p(x) =

√
(Λ̃

(eff)
max − x)(x− Λ̃

(eff)
min )

2πγ〈Λ̃(eff)〉x
+

(
1− 1

γ

)
θ(γ − 1)δ(x), (S14)

where γ ≡ M1/M
(eff)
2 , θ(γ − 1) is a step function, and δ(x) is the delta function. The first few central moments

are Var(Λ̃(eff)) = 〈Λ̃(eff)〉2M1/M
(eff)
2 , Skew(Λ̃(eff)) = 〈Λ̃(eff)〉3(M1/M

(eff)
2 )2, Kurt(Λ̃(eff)) = 〈Λ̃(eff)〉4(M1/M

(eff)
2 )3[1 +

2(M
(eff)
2 /M1)]. By choosing

〈Λ̃(eff)〉 = m2〈Λ〉,

M
(eff)
2 =

N1m2〈Λ〉2

m2Var(Λ) + (1−m2)α〈Λ〉2
,

(S15)

we match the first two moment of Λ̃(eff) with those of Λ̃ given in Eqs. (S2–S3). Then, all other statistics of Λ̃(eff) are
given by the MP law above.

In the limit of small m1, the fourth central moment (kurtosis) also approaches that of Λ̃ given in Eq. (S5). In
fact, numerical tests with random matrices with different distributions pA†A suggest that all even central moments
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Din ≈ 6µm Din ≈ 12µm Din ≈ 24µm

gC(2) 897 ± 38 1163 ± 55 1691 ± 129

gTa 891 ± 35 1164 ± 53 1592 ± 100

Supplementary Table 1: Experimentally determined values of g from the C(2) part of the speckle intensity correlation and
from the total transmission variance.

of Λ̃(eff) approach those of Λ̃ in the limit of small m1. However, the odd central moments of Λ̃(eff) do not always
approach those of Λ̃, as we can explicitly check by comparing the effective-MP skewness with Eq. (S4).

For the bimodal distribution discussed in the main text where we take M
(eff)
2 = M2/ [1 + (2M2/3g)], we can

compare the effective-MP kurtosis to Eq. (S6) and see that the two agree when M1 � g (namely, when m1 � T̄ ).
In our experiment, M1/g ≈ 0.14, 0.44, 1.2 for Din ≈ 6, 12, 24 µm, so we expect this effective MP model to work best
for the smaller illumination diameters. Indeed, we compare this model to the FRM and the experimental data in
Supplementary Figs. 2,3 for the eigenvalue range and kurtosis at different illumination diameters, and for Din ≈ 6, 12
µm we barely see any difference between this model and the full FRM.

IV. Experimental measurements of g

Here we determine g from the experimentally measured transmission matrices, through two methods. For a fixed
input, the speckle intensity correlation Cab,ab′ between two far-away output speckles is 2/(3g), as shown in Eq. (S1).
We have already evaluated such Ca,b,a,b+∆b from the experimentally measured transmission matrices in section I.
The g’s given by equating the large-∆b data in Supplementary Fig. 1 to 2/(3g) are listed in Supplementary Table 1
as gC(2) ; the indicated uncertainty is the standard deviation among the gC(2) ’s at different ∆b’s.

A related method to determine g is through the variance of the total transmission, Ta =
∑

b Tab. By writing
〈δT 2

a 〉 =
∑

b

∑
b′〈δTabδTab′〉 and summing over b and b′ in Eq. (S1), we see that

Var(Ta)

〈Ta〉2
=

2

3g
(S16)

in the diffusive regime where T̄ � 1. Such total transmission measurements were used to determine g in Refs. [3, 4,
15, 16]. Note that Eq. (S16) is also valid for the “partial transmission” into M2 channels as long as M2 � g. From
the experimentally measured transmission matrices, we calculate the transmission into M2 = 2472 � g independent
CCD pixels and then evaluate g from its variance. Similar to our calculation of Ca,b,a,b+∆b (section I), here we
calculate the variance over 1000 random input wavefronts to avoid artificial variations in an ensemble average. The
resulting g’s given by Eq. (S16) are listed in Supplementary Table 1 as gTa

; the indicated uncertainty is the standard
deviation among the gTa

’s obtained from the 10 sets of transmission matrices.
We take the average g from the two methods when comparing the FRM theory to our experimental data, namely

in Figs. 2–4 of the main text and in Supplementary Figs. 2–3.

V. Theoretical predictions of g

It is also useful to have theoretical predictions for the dimensionless conductance g to guide experiments and to
develop intuition, which we describe in this section.

A. Diagrammatic method and Langevin equation

Eq. (S16) shows that one can determine g from the variance of the total transmission Ta. The transmission
variance under a finite-area illumination was calculated in Refs. [4, 13] through diagrammatic expansion methods
and in Refs. [2–4] through the Langevin equation; these results can be written as

Var(Ta)

〈Ta〉2
=

F2

N
(geo)
1 T̄

, F2 =

∫
dq

I(q)I(−q)

I2
F (q), F (q) =

sinh(2qL)− 2qL

2qL sinh2(qL)
, (S17)
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where I(q) = (2π)−(d−1)/2
∫
dρI(ρ)eiq·ρ is the Fourier transform of the illumination intensity profile I(ρ) in the

d− 1 transverse dimensions, I2 ≡
∫
dρI2(ρ), L is the sample thickness, and F (q) is the long-range correlation factor

between two planewaves whose wavevectors differ by q [1, 17]. The illumination area is Ain ≡ [
∫
dρI(ρ)]2/I2, and

N
(geo)
1 is the geometric number of modes within this area (N

(geo)
1 = 2πAin/λ

2 in 3D, N
(geo)
1 = 2Ain/λ in 2D). When

the spot size is much larger than L, F2 approaches F (0) = 2/3, and the resulting g approaches N
(geo)
1 T̄ . For a finite

illumination area, F2 is smaller than 2/3, and g is larger than N
(geo)
1 T̄ .

Eq. (S17) applies to length scales larger than the transport mean free path l ∼ LT̄ , so we expect it to fail when the
illumination spot size Din is comparable to or smaller than l. An empirical extrapolation to small spots was proposed
in Ref. [16], where it was shown that replacing Din with Din + Dmin yields g’s that agree well with experimental
data. Physically, this Dmin models the broadening of the beam at the front surface of the sample as the incident
wave converts from ballistic to diffusive; its quantitative value needs to be determined empirically [16] or through
other assumptions [18].

B. Expanding waveguide model

The average conductance g may also be estimated through incoherent diffusion, without accounting for interference
and details of the illumination profile [16]. As light penetrates into the medium, it diffuses out laterally, with a
characteristic width D(z) at depth z into the slab. The idea here is to model the expanding beam as an expanding
waveguide with width D(z). Resistance adds in series, so the conductance of such a waveguide is g−1 =

∑
i gi

−1,
where gi is the conductance of a slice i of the waveguide. Each slice i has thickness ∆z ∼ l and transmission

T̄i ≈ (L/∆z)T̄ , with the conductance being gi ≈ N
(geo)
i T̄i; in 2D N

(geo)
i ≈ 2D(z)/λ, and in 3D N

(geo)
i ≈ 2πAi/λ

2

with Ai ≈ πD2(zi)/4. For simplicity, here we approximate the width as D(z) ≈ Din + βz for some β of order unity.
Then, integrating over the slices yields

g ≈




2βL

λ ln [1 + (βL/Din)]
T̄ in 2D, (S18a)

π2

2

D2
in + βDinL

λ2
T̄ in 3D, (S18b)

with T̄ ∼ l/L. This simple model illustrates how g depends on the spot size and sample thickness. As in the previous
section, one needs to make the replacement Din → Din +Dmin for small illumination spots.
Eq. (S18b) may be written as g = N1T̄ where N1 = 2πAeff/λ

2 is the geometric number of modes in an effective
area Aeff = π(D2

in + βDinL)/4 that is larger than the illumination area Ain ≈ πD2
in/4 but smaller than the output

area Aout ≈ π(Din+βL)2/4. Note that when the illumination spot is small (when Din � L), g becomes independent
of the sample thickness L as it is dominated by the contact resistance near the input surface. The increase from

Ain to Aeff (or equivalently, from N
(geo)
1 to N1) captures the loss of input control due to the lateral spreading of the

beam inside the sample.
The width D(z) of the spreading beam can be defined in the same way as Din and obtained from the intensity

profile given by the diffusion equation. This more-precise D(z) does not follow the simple expression Din + βz, but
we find that in the range of Din and L of interest here, numerically integrating over such D(z) yields results similar
to that of Eq. (S19) with β ≈ 1.5. Therefore, in the following we will use Eq. (S19) with β = 1.5.

C. Numerical simulations in 2D

To validate the analytic theory and to determine the value of Dmin, we resort to numerical simulations in 2D;
simulations in 3D are desirable but prohibitively time consuming for the system size of interest here.

We simulated a disordered slab of thickness L = 60 µm on a glass substrate (nout = 1.5), with light incident
from the air (nin = 1). The transverse size is W = 170 µm with periodic boundary condition. We discretize the
disordered slab on a 2D grid with grid size (λ/2π)2, and solve the scalar wave equation [∇2 + (ω/c)2ε(r)]ψ(r) = 0
for the full transmission matrix of the slab at λ = 532 nm using the recursive Green’s function method [19]; here
ε(r) = n2

0 + δε(r), where n0 = 1.4 is chosen to be the effective index of a ZnO slab [20], and at each grid point δε(r)
is drawn randomly from the uniform distribution [−0.9, 0.9]; this yields an average transmission of T̄ ≈ 3%.

The full transmission matrix has N1 ≈ 2ninW/λ input modes and N2 ≈ 2noutW/λ output modes that are incoming
and outgoing planewaves at different angles. We group the input modes into “macropixels,” with each macropixel
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Supplementary Figure 4: Numerically calculated and analytically predicted g’s in 2D. Red circles are obtained from
numerical simulations. Green lines are analytical predictions using diagrammatic methods, namely Eqs. (S16), (S17), (S19),
with (solid) and without (dashed) the Din → Din+Dmin correction. Blue lines are the expanding waveguide model, Eq. (S18a),
with (solid) and without (dashed) the correction.

consisting of m neighboring incident angles and spanning size q = m(2π/W ) in the transverse wavevector space,
same as the SLM macropixels in our experiment. Projecting the N1 input modes onto the M1 = N1/m macropixels
yields a N2-by-M1 “measured” transmission matrix. Then the illumination profile is

I(y) ∼ sin2(mπy/W )

sin2(πy/W )
∼ sinc2(qy/2), (S19)

with an illumination area of Din ≡ [
∫
dyI(y)]2/

∫
dyI2(y) = 3π/q similar to the 3D version [Eq. (5) in the main text].

From the numerically calculated transmission matrices, we obtain the dimensionless conductance g for different
macropixel sizes (corresponding to different illumination spots sizes); here g is calculated via Eq. (S16) using 1000 re-
alizations of disordered slabs. The analytical predictions of g are compared to the simulation results in Supplementary
Fig. 4, for the range of Din comparable to our experiment. With the diagrammatic method [Eqs. (S16), (S17), (S19)],
the analytical prediction agrees very well with the simulation results once the small-spot correction Din → Din+Dmin

is applied; here Dmin = 3.4LT̄ is obtained via a least-squares fitting. We also plot the expanding waveguide model
[Eqs. (S18a)] with β = 1.5 and the same value of Dmin, which yields similar results.

D. Estimations of g in the experiment

We now apply the analytic predictions for the 3D geometry in our experiment. The predicted g from diagrammatic
methods [Eqs. (S16), (S17) and Eq. (5) in the main text] and from the expanding waveguide model [Eq. (S18b)]
for the illumination diameters in our experiment are listed in Supplementary Table 2. Here we use the values of
Dmin = 3.4LT̄ and β = 1.5 that are pre-determined from 2D simulations. These analytic predictions agree with the
experimentally measured values to within ≈ 20%; the residual difference may arise from errors in Din (e.g. if the
sample surface is not exactly at the focal plane of the objective), variation of the sample thickness and T̄ , or from
the approximations used in the theory.

In Supplementary Fig. 5, we plot the normalized eigenvalue variance and skewness (same as Fig. 2 in the main
text) as a function of M2/g using the average g predicted by theory. The agreement between theory and experiment
is still quite good, showing the robustness of the scaling laws.

Din ≈ 6µm Din ≈ 12µm Din ≈ 24µm

Diagrammatic method 678 1043 1837

Expanding waveguide 642 1014 1866

Supplementary Table 2: Theoretical predictions of g using diagrammatic methods [Eqs. (S16), (S17) and Eq. (5) in the
main text] and the expanding waveguide model, Eq. (S18b).
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Supplementary Figure 5: Same plot as Fig. 2 in the main text but using the theoretically predicted g instead of the
experimentally measured g.
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[11] Tulino, A. M. & Verdú, S. Random matrix theory and wireless communications. Found. Trends Commun. Inf. Theory

1, 1 – 182 (2004).
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