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Random anti-lasing through coherent perfect
absorption in a disordered medium
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Non-Hermitian wave engineering is a recent and fast-moving
field that examines both fundamental and application-oriented
phenomena’~’. One such phenomenon is coherent perfect
absorption®1!—an effect commonly referred to as ‘anti-lasing’
because it corresponds to the time-reversed process of coherent
emission of radiation at the lasing threshold (where all radiation
losses are exactly balanced by the optical gain). Coherent perfect
absorbers (CPAs) have been experimentally realized in several
setups!®-13, with the notable exception of a CPA in a disordered
medium (a medium without engineered structure). Such a ‘random
CPA would be the time-reverse of a ‘random laser’'*??, in which
light is resonantly enhanced by multiple scattering inside a disorder.
Because of the complexity of this scattering process, the light field
emitted by a random laser is also spatially complex and not focused
like a regular laser beam. Realizing a random CPA (or ‘random anti-
laser’) is therefore challenging because it requires the equivalent of
time-reversing such a light field in all its degrees of freedom to create
coherent radiation that is perfectly absorbed when impinging on a
disordered medium. Here we use microwave technology to build
arandom anti-laser and demonstrate its ability to absorb suitably
engineered incoming radiation fields with near-perfect efficiency.
Because our approach to determining these field patterns is based
solely on far-field measurements of the scattering properties of a
disordered medium, it could be suitable for other applications in
which waves need to be perfectly focused, routed or absorbed.

The absorption of radiation is a goal with many applications, from
the spectral filtering of electromagnetic signals to the conversion of
sunlight into heat. It has recently been discovered that in principle any
object can be turned into a CPA at well-defined frequencies, provided
that its absorption strength and the wavefront of the incoming radiation
are suitably adjusted®!! —an effect of both fundamental and techno-
logical relevance. Easily controllable systems with a simple geometrical
structure, such as a slab of silicon irradiated by two suitably adjusted
laser beams on either side, have already provided experimental proof
of principle for this intriguing effect'®. Theory predicts®!!, however,
that coherent perfect absorption is a general phenomenon that can
also be realized in media without any predesigned geometrical form or
arrangement and with waves for which not only one or two, but many
degrees of freedom need to be adjusted. The ultimate example of such
a medium is a disordered structure with a small absorbing element
embedded in its middle?' (see Fig. 1). Although in this case the radi-
ation impinging from outside first has to penetrate a scattering layer
to reach the absorber, surprisingly the absorption can still be perfect,
such that the incident wave is fully dissipated by the absorber and no
part of it gets back-reflected to the exterior. The unique radiation state
realized in this way is the exact time-reverse of a random laser mode
brought to its specific lasing threshold by replacing the small absorber
by a gain element of equal size, but with an amplification rate that is
exactly opposite to the dissipation rate of the absorber.

A straightforward way to realize such a random anti-laser would
be to use wavefront-shaping techniques, in which enormous progress

has been made recently?*?*. The challenge and the reason why the
implementation of random anti-lasing has remained out of reach so
far is that it requires a very challenging level of control. First, one has
to identify discrete pairs of values for the absorption strength and for
the radiation frequency at which a CPA can be realized. Then, at each
of these isolated CPA points, both the amplitudes and the phases of all
relevant pixels that determine the complex speckle pattern of a random
anti-laser mode in its far field need to be adjusted to reach perfect
absorption. Away from these CPA points, reaching perfect absorption
is impossible in principle. This full level of control also sets our work
apart from previous implementations in which the wave field alone
was optimized in several of its asymptotic components to increase the
absorption at a specific target, such as a receiving antenna in a complex
environment?**25, Instead of providing a quantitative improvement
with respect to earlier studies, here we demonstrate how to reach the
optimum degree of absorption with an approach that is both scala-
ble in terms of the number of pixels and readily transferrable to other
experimental platforms.

Our starting point is to place a disordered medium inside a wave-
guide that supports a finite number of transverse modes, which in turn
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Fig. 1 | Experimental setup of the random anti-laser. Microwaves of

a well-defined frequency are generated by a vector network analyser

and equally distributed by a power splitter to eight in-phase/quadrature
(IQ) modulators, where the amplitudes and relative phases of the signals
are independently tuned. These signals are injected into an aluminium
waveguide via eight external antennas (four on each side, numbered as
indicated). Absorbers are placed at the waveguide ends to avoid back-
reflection of the injected and transmitted signals. The central scattering
region of the waveguide contains a disordered medium consisting of a set
of randomly placed Teflon scatterers. Localized absorption is introduced
to the system by placing a monopole antenna with a 50-Q resistance in the
middle of the disordered region (central antenna). The scattering matrix
of the system is determined by measuring the field in the space between
the scattering region and the external antennas using a movable antenna
that can dip into the waveguide through a grid of holes in the top plate (not
shown). The distances from the external antennas to the absorbers and to
the scattering region are not to scale.
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Fig. 2 | Analysis of a CPA state. a, Scattering signatures of a CPA state for
a waveguide configuration with 60 scatterers; see Fig. 1. The quantities [,
and Ioy denote the incoming and outgoing intensity of the injected CPA
state, measured outside the disordered region, and R is the reflection
signal, measured at the central antenna when microwaves are injected
there (see also Extended Data Fig. 1). Close to the CPA frequency of
around 7.1 GHz, both the ratio I,y/I;, and the reflection coefficient |R|?
show a pronounced minimum that depends very sensitively on the length
of the central absorbing antenna. As shown in the two panels on the right,
increasing the antenna length first increases the CPA absorption dip in
both Iyw/Iin and |R|? until a minimum is reached for an antenna length of

determines the required number of controllable degrees of freedom
in the radiation field. Moreover, we present an innovative microwave
measurement setup that enables us both to measure the entire scatter-
ing matrix of the disordered medium in a large frequency range and
to inject the desired field pattern with near-perfect absorption in situ.
Our setup, schematically depicted in Fig. 1, consists of a waveguide con-
taining a disordered medium built of 60 randomly placed cylindrical
Teflon scatterers with radius r = 2.55 mm. At an operation frequency
between 6 GHz and 7.5 GHz, the waveguide supports four transverse
modes, requiring four antennas on each side (left and right) to fully
control the injected microwave field in both phase and amplitude.
In the middle of the scattering region we insert a monopole antenna
with a 50-Q) resistance attached, which provides a localized and very
strong loss channel. In addition, the microwave field is subject to weak
global absorption caused by the skin effect in the metallic waveguide
and by escape through the small holes in the top plate (details about
the experimental setup are provided in Methods and Supplementary
Information). To control the degree of loss in situ—as is necessary for
the realization of a CPA—we vary the length of the central absorbing
antenna inside the waveguide, thus changing its coupling strength to
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7 mm. For further extension of the length of the central antenna, both the
reflection signal increases again and the absorption efficiency is decreased.
b, Sensitivity of the CPA minimum to detunings in individual IQ
modulators. We change the amplitude A (left) and phase ¢ (right) of
exemplary input antennas while the signals at all other antennas remain as
required for the CPA state (amplitude Acpa and phase ¢cpa). Any of these
detunings leads to a substantial deterioration of the efficient absorption at
the CPA configuration. Results in b were generated by linear superposition
of S-matrix data, whereas the blue curve in a is a direct measurement of
the injected CPA state.

the system?”?® (measurements of the length and frequency depend-
ence of the antenna’s coupling and absorption strength are presented
in Supplementary Information section 3).

The crucial quantity to characterize the above system—both theo-
retically and in our experiment—is the scattering matrix (or S-matrix)
S that relates the injected fields, i, to the outgoing ones, 1out, as
Yout = Sy in all of the eight asymptotic waveguide channels. The
unitary scattering matrix of a Hermitian system (without gain or loss)
generally has zeroes in the upper half (Im(v) > 0) and poles in the lower
half (Im(v) < 0) of the complex plane of frequency v, symmetrically
distributed around the real axis. The addition of gain or loss makes the
system non-Hermitian and moves these zeroes and poles around in
the complex frequency plane (including effects of frequency pulling
due to dispersion in the gain or loss). Adding gain turns a disordered
medium into a random laser as soon as the first S-matrix pole hits the
real v axis (which defines the lasing threshold). When loss is added,
the medium turns into a random anti-laser (disordered CPA) at exactly
those frequencies and loss values at which any of the S-matrix zeroes
crosses the real v axis?”?. Because above the lasing threshold nonlinear
saturation effects stabilize the S-matrix poles on the real axis, but no
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Fig. 3 | Field and flux patterns of CPA states. Microwave intensity of CPA
states injected through the external antennas into a weakly disordered
waveguide with 60 small scatterers (left) and a strongly disordered
waveguide with 60 mixed-size scatterers (right). Shown are results of
numerical simulations without global loss, where the colour scale ranges
from low (blue) to high (red) intensity. The white arrow marks the position
of the central absorbing antenna implemented as an absorbing scatterer in
the simulations (see Methods). In the vicinity of the antenna the Poynting

equivalent effects are at work for the S-matrix zeroes of the anti-laser,
the analogy between lasing and anti-lasing holds only on the linear level
at the mode-specific lasing thresholds. At these discrete CPA points a
random anti-laser mode 1)cpy is an eigenstate of the scattering matrix
S with eigenvalue Acpa = 0 such that Si)cps = 0, where tcp, is the
incoming radiation field and the empty 0 field is the outgoing one. The
expedient and robust approach that we deduce from this analysis is the
following: we measure the S-matrix of the system in a frequency inter-
val broad enough to contain many S-matrix zeroes and for a number
of loss values of the central absorbing antenna that are strong enough
to drag the zeroes with the smallest imaginary parts down to the real v
axis. After evaluating the eigenvalues of these different S-matrices, we
identify those parameter configurations for which the absolute value
of the smallest S-matrix eigenvalue dips almost to zero. We then inject
the CPA eigenstate corresponding to this minimal eigenvalue into the
system and evaluate its properties, in particular the degree of absorp-
tion associated with it.

Following this approach, we achieve more than 99.78% absorption of
the injected intensity, as illustrated by the blue curve in Fig. 2a, in which
we show the ratio between the outgoing and the incoming microwave
intensity (Ioy/Iin) of one specific CPA state, as measured in front of the
eight external antennas. We emphasize the very pronounced minimum
at the CPA frequency (where the CPA state was evaluated), which is a
first and revealing hallmark of the effect that we are aiming for.

To check whether we have indeed realized a disordered CPA, rather
than a coherent enhancement of absorption®® or one of the previously
implemented focusing schemes®**%¢, we devised a number of inde-
pendent tests. First, because we expect a CPA state to be primarily
absorbed by the central absorbing antenna (and less by the metallic top
and bottom plates in the waveguide)*’, the time-reverse of this state
should be a harmonic microwave signal that enters through the central
absorbing antenna without any back-reflection. In other words, we
should find that the central antenna is critically coupled"** to the dis-
ordered waveguide system at a frequency and antenna coupling
strength that are very close to where we found the CPA independently.
In our experiment such a time reversal (or phase-conjugation) is easy
to implement, and we find that indeed microwave signals injected
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vector $ has only inward-pointing components (see insets, in which white
semi-transparent circles mark the scatterers and the filled white circle
represents the absorbing antenna). We find quantitative agreement of these
simulations with the experimental data (see Supplementary Information
section 4). Flux patterns for the entire scattering region are provided in
Extended Data Fig. 2 and an analysis of the microwave field in the absence
of the central absorbing antenna is given in Extended Data Fig. 3.

through the central absorbing antenna show a pronounced dip in the
frequency-dependent back-reflection coefficient |R|% see red dashed
curve in Fig. 2a. The observed dip is only slightly shifted in frequency
(by 0.025%) with respect to the dip of the CPA state found before. This
shift is caused by experimental imperfections and by the weak global
absorption in the system, because of which the two states discussed
above are not exactly the time-reverse of each other (see also
Supplementary Information section 7, in which we directly compare
the CPA state with the time-reverse of a state injected through the cen-
tral antenna).

We now investigate how these CPA minima change with respect
to the coupling strength of the central antenna and to the phase and
amplitude configuration of the injected CPA state. Because theory
predicts that a CPA requires a zero of the S-matrix to be located on
the real frequency axis, we should find a reduced amount of absorp-
tion not only for smaller, but also for larger antenna coupling; that is,
when the S-matrix zero lies above or below the real axis, respectively.
In our setup the change of antenna coupling is realized by varying the
length of the central antenna inside the waveguide (see Supplementary
Information section 3 for details) and we find that indeed not only a
smaller, but also a larger coupling strength (corresponding to more
loss) diminishes the resonant CPA minimum substantially; see right
panels in Fig. 2a. Specifically, we find that an antenna extending
7 mm into the waveguide is optimal for the observed CPA state (the
waveguide has an overall thickness of 8 mm between top and bot-
tom plates). As shown in Supplementary Information section 6, this
absorbing antenna length is also ideal for reaching a minimum in the
S-matrix eigenvalue. To illustrate how accurately the CPA state must be
adjusted in all eight external antennas, we check what happens when
either the amplitude or the phase of just one of the eight antennas is
detuned away from the configuration of the CPA state. As shown in
Fig. 2b for antennas 2, 4, and 6, the CPA dip (that is, the minimum
of the ratio Ioy/Iij in the frequencies around 7.1 GHz) gets consider-
ably shifted upwards by factors of up to approximately 10>—a feature
that illustrates how strongly the absorption in the system is controlled
interferometrically, rather than by the mere presence of the absorbing
antenna alone.
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Fig. 4 | Transmission of CPA states into the central antenna. As an
experimental signature of the simulated results presented in Fig. 3, we
measure the transmission of the investigated CPA states into the absorbing
antenna for configurations with 60 small (top) and 60 mixed-size (bottom)
scatterers. Our data confirm that close to the CPA frequency vcpy, where
the absorption of the CPA state is most efficient, the transmission to the
absorbing antenna has its maximum. The plots compare the squared
absolute value of the normalized transmission Torm into the absorbing
antenna with the ratio between the outgoing (L) and incoming (I;,)
intensity of the CPA states. The transmission is normalized with respect to
its maximum within the measured interval: |T;,, .| = 0.017 for the small
scatterers and |T;,,.| = 0.013 for the mixed-size scatterers. These values are
calibrated with respect to the flux injected into the power splitter, which is
strongly attenuated before reaching the interior of the waveguide;

see Methods for more details. As a reference measurement we also show
the transmission TC, _ of these two CPA states into the absorbing antenna
when all scatterers are removed from the waveguide (the same
normalization |T,,, .| is used here as for Tporm). Because the CPA states are
customized for each specific scatterer configuration, the removal of the
scatterers leads to a strong reduction of the transmission into the
absorbing antenna.

Another distinguishing feature of the CPA states that we generate is
contained in the microwave field pattern around the central antenna;
see Fig. 3 (left). Owing to the near-perfect absorption, we expect that
the flux associated with the CPA state (as given by the Poynting vector)
has a predominantly inward-flowing component close to the central
antenna. However, because the field is inaccessible experimentally in
the direct vicinity of the central antenna, we reconstruct the entire
scattering system numerically. Using a finite-element discretization
on a two-dimensional mesh that maps the experimental system geom-
etry—including all scatterer and antenna positions—without any fit
parameters, we find the numerically evaluated CPA state to have 95.6%
correlation with the experimentally realized one (see Supplementary
Information section 4). This remarkable degree of agreement enables us
to check the flux pattern associated with the CPA state in the numerical
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results, which we find to be directed solely towards the absorbing
antenna; see insets in Fig. 3.

Finally, we demonstrate that our approach is generally applicable also
to disordered configurations with different scattering strengths. With
both the scattering (I;) and the transport (/) mean free paths for the dis-
order considered in Figs. 1, 2 being about twice as large (I, ~ [, ~ 1.3 m)
as the length of the scattering region (L = 0.6 m), we are in the regime
of weak scattering, where the disorder causes substantial aberra-
tions but does not trap waves for very long times (see Supplementary
Information section 8). To increase the scattering strength, we work
with a mixture of 28 small and 32 large dielectric disks with radii of
r=2.55 mm and r = 11 mm, respectively, randomly placed in the
central scattering region. With the larger disks being much closer in size
to the operating wavelength of A &~ 43 mm, both the scattering and the
transport mean free paths are now strongly reduced below the length
of the scattering region ([;~ 0.08 m < ;~ 0.2 m < L = 0.6 m). Also
for this strongly scattering system we immediately find a pronounced
CPA state with a ratio of I,/Ij, = 2.1 X 1072 at the CPA frequency of
6.9 GHz; see Fig. 4 (bottom). Its numerically evaluated flux pattern is
again fully directed towards the central antenna; see Fig. 3 (right). Asan
experimental signature of this behaviour, we also verify—both for the
weak and for the strong scattering configuration—that the transmission
into the central absorbing antenna has a maximum at the CPA fre-
quency; see Fig. 4. These states are thus mostly absorbed by the central
antenna and only weakly affected by the global loss in the waveguide.
In Supplementary Information section 5 we also discuss CPA states in a
strongly scattering system for which the absorption from the waveguide
dominates over the absorption by the central antenna. The fact that we
can detect and inject such unconventional CPA states demonstrates the
versatility of our approach and that it in no way relies on a time-reversal
operation using the central antenna as a source.

In summary we present the first experimental realization, to our
knowledge, of a random anti-laser, which provides proof of princi-
ple that coherent perfect absorption can also be realized in arbitrarily
composed systems such as disordered media. We emphasize that our
approach requires only the multi-modal scattering matrix—neither any
information on the inner structure of the medium nor a source placed
inside of it is necessary. Our work is thus also relevant for practical
applications, including perfect focusing of electromagnetic signals®*
and sound fields*® in complex environments, such as in an office space
or in biological tissue. On the conceptual level, we expect our results to
serve as a bridge between the fields of wavefront shaping and non-Her-
mitian physics.
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METHODS

Experimental setup. Our experimental setup consists of a rectangular aluminium
waveguide of 10 cm inner width (y direction), 8 mm inner height (z direction) and
238 cm total length (x direction). Microwaves can be injected into the system via
eight antennas reaching about 3 mm into the waveguide (weak coupling), four on
each side (see Fig. 1). The signal is generated by a vector network analyser (VNA)
and equally distributed by a power splitter to eight IQ modulators, where the ampli-
tudes and relative phases of the injected microwaves are controlled and then trans-
ferred to the eight antennas. Absorbers are placed at both ends of the waveguide to
avoid back-reflection of the injected and transmitted signals. The central scattering
region (length, 60 cm) of the waveguide contains the disordered medium, which is
realized in our case by a set of randomly placed cylindrical Teflon scatterers (index
of refraction, n = 1.44). Two different sizes of scatterers are used (radii, 2.55 mm
and 11 mm; height, 8 mm). As a localized absorber we use a monopole antenna
with a 50-Q) resistance attached. This absorbing antenna is placed at the centre of
the system regarding its x position and slightly out of centre (9 mm) regarding its
y position. The field inside the waveguide can be measured by a movable antenna,
which can dip into the waveguide through a grid of holes (spacing of 5 mm from
centre to centre) in the top plate of the waveguide. This probe antenna has only
a small effect on the field that it measures because it reaches only 4 mm into the
waveguide and its absorption is therefore around 1.5 orders of magnitude weaker
than that of the central absorbing antenna. This estimate is based on a comparison
of the transmission from the external antennas to the probe antenna placed in the
vicinity of the absorbing antenna with the transmission to the absorbing antenna
itself. Another indirect and independent confirmation of the negligible effect of the
probe antenna on the field is the fact that the scattering matrix that we evaluate with
it predicts the correct positions of the CPA points, as confirmed by the near-perfect
absorption that we find when injecting the CPA states in situ.

Measurement settings. Our measurements were performed in the frequency range
from 6 GHz to 7.5 GHz (at 2,501 equidistant frequency points) with the same VNA
as that used to generate the signals. This frequency range coincides with the inter-
val in which exactly four modes can propagate freely through the empty waveguide.
Data close to the mode openings (at 6 GHz and 7.5 GHz) are, however, not taken
into account to avoid the influence of evanescent waveguide modes (restricting us
to the spectral interval between 6.55 GHz and 7.35 GHz). For the measurement of
the reflection signal at the central antenna, one port of the VNA is connected to
this antenna, where it injects a signal and simultaneously measures its back-reflection.
Evaluating the scattering matrix requires a measurement of the stationary field at
both ends of the scattering region in the waveguide (see details below). Thus, for
such measurements, one port of the VNA is used as the signal source for the
external input antennas and another port is connected to the movable antenna,
which is used for the field measurement. The same VNA port configuration is used
for the injection and verification of the CPA states afterwards and for the meas-
urement of the field around the absorbing antenna (only the very close vicinity of
the central antenna remained inaccessible). We can also measure the field of the
scattering state created when injecting microwaves through the central antenna by
connecting one port to this antenna and the other port to the movable antenna.
The transmission of the incoming CPA states into the central antenna is measured
with one port as the signal source for the external antennas and another port
connected to the central antenna. For the interpretation of the measured transmis-
sion values (S;, measurements; see legend of Fig. 4) of a CPA state into the absorb-
ing antenna the whole path between the points of calibration has to be taken into
account. In our case, the calibration is performed at the ends of the analyser cables,
one of which is attached to the power splitter and the other to the central antenna
for the transmission measurements. The signal injected into the system is then
attenuated owing to the insertion loss in the power splitter and in the IQ modula-
tors and because of the loss in the semi-rigid cables connecting the power splitter
to the IQ modulators and in the flexible cables connecting the IQ modulators to
the external antennas. We measure the transmission through this path for one IQ
modulator (using the 0-dB attenuation adjustment) and find that the transmission
through the power splitter, the semi-rigid cable, the IQ modulator and the flexible
cable leading to the corresponding external antenna is given by |S,,| = |T| = 0.096.
The total transmission when using all of the eight IQ modulators at 0-dB attenu-
ation would then be eight times this value, that is, | T| = 0.768. In addition to this
intrinsic loss, the signal is deliberately attenuated at each IQ modulator, as required
to create a certain CPA state, which leads to an additional average amplitude atten-
uation of about 44% for the CPA state corresponding to the configuration with 60
small scatterers presented in the main text. Because the external antennas emit
symmetrically to the left and right, only half of the emitted intensity is actually
injected towards the centre of the waveguide. In contrast to the central antenna,
which is perfectly coupled at the CPA frequency, the external antennas extend only
about 3 mm into the waveguide and are therefore weakly coupled, which further
decreases the injected power. All of these effects do not have any influence on the
field or flux patterns inside the system, but only reduce the global intensity. Also,

in the S-matrix measurements these effects cancel out because both the incoming
and the outgoing fields are measured with the same antenna. Only in the case of
transmission from the external region into the central absorbing antenna, where
different antennas are used on either side, is the overall calibration more involved,
and we use the flux injected into the power splitter as a reference (see legend of
Fig. 4).

Control of the input state. One of the most important prerequisites to realize a
CPA is to be in full control of the corresponding input state. Because we use four
input antennas on each side of the waveguide, we are in the position to control all
of the four available incoming modes from left and right. To inject a specific state
into the system, the amplitudes and relative phases of the signals at each input
antenna have to be adjusted properly by the IQ modulators. For this purpose,
the relation between the IQ modulator settings and the resulting incoming waves
needs to be identified. We do this by assigning to each IQ modulator a basis vector
in the IQ modulator basis, which means that the respective IQ modulator is set
to full transmission and relative phase zero while all other IQ modulators are set
to maximum attenuation. For each of these basis vectors one has to determine the
resulting composition of the incoming modes, which is done by measuring the
field along the y direction for two different positions in the x direction, on each
side of the scattering region. Along the y direction the field has to be measured at
least at as many different positions as there are modes that need to be controlled
(in our case, four on each side). To reduce noise effects, the field is measured at
nine positions (our setup allows up to 19 different positions in the y direction).
Because the field is a linear superposition of the incoming and outgoing modes,
the measured mode coefficients dmeas» which are determined by means of a sine
transformation of the complex measured field, satisfy the following relations with
the coefficients for the incoming and outgoing modes (ainj and aou,j)

—iky ik
ameas,j(x) = ain,je X + uout,je X

_ —iky i(x+dx) ik i(x+dx)
ameas,j(x + dx) - ain,je * + aout,je *

where j is the number of the respective mode and kx,j: ,lkz — k2%, where

k=2nv/c, ky ;= jm/d, vis the frequency of the incoming waves, c is thye] speed of
light, and d is the width of the waveguide in the y direction. If the coefficients of
the incoming modes for each IQ modulator basis vector are written as columns in
a matrix, the columns of the inverse of this matrix contain the coefficients c,,;, by
which the signals at the IQ modulators (numbered by ) have to be multiplied to
get the desired mode j. A test of this procedure can be found in Supplementary
Information section 1.

Evaluation of the scattering matrix. Because our approach to finding a potential
CPA state requires an evaluation of an S-matrix eigenstate with vanishing eigen-
value, we first need to get access to the S-matrix of the system itself. The S-matrix
represents a linear map of the incoming to the outgoing (flux-normalized) modes
of the system

Aout = N Ain

which comprises N linearly independent equations for the N* elements of the
S-matrix, where N is the total number of modes considered (eight in the exper-
iment). One therefore needs to have at least N linearly independent sets of the
coefficients a;, and d,y for all modes to get N* coupled equations for the S-matrix
elements. Similarly to what is described in the section ‘Control of the input state,
this is most easily achieved by measuring the field at both ends of the scattering
region on a grid of at least two different positions in the x direction and at least N/2
positions in the y direction, with one IQ modulator set to full transmission and
all the others set to maximum attenuation, and repeating the measurement for
each IQ modulator. Consequently, the same measurement data can be used to
calculate both the IQ modulator settings and the scattering matrix of the system.
In Supplementary Information section 2, we present typical examples of S-matrices
for different system configurations.

Numerical simulations. In the experiment, the waveguide is enclosed between
two plates at the bottom and the top (the latter is not shown in Fig. 1). In the con-
sidered frequency range only the lowest transverse mode is open in the 8 mm gap
between these two plates (in the z direction). Owing to this strong mode confine-
ment, our numerical simulations can be carried out in just two dimensions. We
thus solve a two-dimensional scalar Helmholtz equation [A + nz(r)koz]z/J(r) =0
for the transverse electric polarization using a finite-element method (NGSolve
Finite Element Library, https://ngsolve.org/), where A is the Laplacian in two
dimensions, n(r) is the refractive index distribution dependent on the position
r=(x, y), ko = 2m/ )\ is the vacuum wavenumber and #(r) is the z component of
the electric field. We apply hard wall boundary conditions at the perimeter of the
waveguide. In the asymptotic regions, where the external antennas are placed, we
assume infinitely extended leads (implemented through ‘perfectly matched layers’



placed at both ends of the waveguide). The central antenna in the middle of the
waveguide is modelled by an absorbing scatterer of the same diameter as the
antenna (d = 4 mm). The antenna coupling strength, which is experimentally
controlled by the penetration depth into the waveguide, can be adjusted by the real
and imaginary parts of the scatterer’s refractive index. To find the point of coherent
perfect absorption numerically, we perform a parameter scan over the real and
imaginary parts of the absorbing scatterer’s refractive index for both configurations
considered in the main text, where we use the frequency of the experimental CPA
state as a given parameter. Figure 3 shows the resulting numerical CPA states for
the two different scattering configurations, where in both cases the absolute values
of the corresponding eigenvalues of the scattering matrix are smaller than 107,
Our numerical results also show that for the CPA states that mostly couple out by
the central antenna, the influence of global absorption in the weakly dissipative
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waveguide plates and of the flux escaping through the holes in the top plate are
barely noticeable. In Supplementary Information section 4 we provide more details
on these aspects and a direct comparison between the numerical and experimen-
tal intensity distributions. In Supplementary Information section 5 we also discuss
another set of CPA states in a strongly scattering system that are mostly absorbed
by the global loss in the waveguide and only weakly affected by the central antenna.
Code availability. For all our numerical simulations we used the NGSolve Finite
Element Library (https://ngsolve.org/), a publicly available open-source software
package.

Data availability
The data that support the findings of this study are available from the correspond-
ing authors upon reasonable request.
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Central antenna coupling
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Extended Data Fig. 1 | Central antenna coupling. The plot shows the
reflection signal |R|* measured for injection at the central antenna as a
function of the signal frequency for different antenna lengths in the
disordered configuration with 60 small scatterers shown in Fig. 1. One
observes very clearly that at certain frequencies, pronounced minima of
the reflection signal, and therefore maxima in the coupling efficiency of
the antenna occur. For increasing antenna length these minima become
lower until an optimal length is reached that is specific to each minimum
(corresponding to ‘critical coupling’). By further increasing the antenna
length, the coupling efficiency decreases again. For the minimum in the
frequency range around 7.1 GHz (see also main text) the optimal antenna
length is 7 mm, whereas in the range around 6.8 GHz a length of 7.5 mm
provides the highest coupling efficiency.
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Small scatterers
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the position of the absorbing scatterer (that is, the central antenna),
whereas in the bottom panels semi-transparent circles mark the scatterers
and the filled circle represents the central antenna. For clarity, we plot the
Poynting vectors on a different grid of points from that used in the insets

Extended Data Fig. 2 | Simulated energy-flux distribution in the entire
scattering region. As a complement to Fig. 3, we provide here not only

the simulated intensity (top panels) but also the Poynting vector (bottom
panels) of the CPA states in the entire scattering region. In the top panels
scatterers are displayed as white circles, with the white arrow indicating in Fig. 3.
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Extended Data Fig. 3 | Simulated intensity distribution in the presence
and absence of the absorbing antenna. To illustrate the effect of the
absorbing scatterer (that is, the central antenna) on the microwave

field, we compare the simulated intensity distributions of the CPA states
discussed in the main text, injected here in the presence (top panels)

and absence (bottom panels) of this absorber (all other parameters and
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the colour scale stay unchanged). The white arrow indicates the antenna
position and white circles represent the scatterers. One can clearly observe
that removing the absorbing scatterer causes considerably higher and
differently distributed intensity maxima in the waveguide, stemming
from additional interference contributions of the waves that are no longer
absorbed by the antenna.
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