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We present a 3D computational imaging system based on a mode-mixing cavity at microwave

frequencies. The core component of this system is an electrically large rectangular cavity with one

corner re-shaped to catalyze mode mixing, often called a Sinai Billiard. The front side of the cavity

is perforated with a grid of periodic apertures that sample the cavity modes and project them into

the imaging scene. The radiated fields are scattered by the scene and are measured by low gain

probe antennas. The complex radiation patterns generated by the cavity thus encode the scene in-

formation onto a set of frequency modes. Assuming the first Born approximation for scattering

dynamics, the received signal is processed using computational methods to reconstruct a 3D image

of the scene with resolution determined by the diffraction limit. The proposed mode-mixing cavity

is simple to fabricate, exhibits low losses, and can generate highly diverse measurement modes.

The imaging system demonstrated in this letter can find application in security screening and medi-

cal diagnostic imaging. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4921081]

In most conventional imaging schemes, a scene is

recorded in the spatial domain; i.e., there is a one-to-one

relationship for incident light between each scene location

and the position on the sensing medium or sensor array

where it is recorded. This unique mapping is convenient and

intuitive for common 2D imaging schemes in the visible and

IR regimes, where sensors are compact and generally inex-

pensive devices. At lower frequencies, however—particu-

larly in the microwave and millimeter wave bands—the

situation changes. Imaging approaches at microwave fre-

quencies benefit from access to economical coherent sources

with the advantage of supporting fully holographic or inter-

ferometric imaging schemes.

However, imaging at these longer wavelengths often

requires a larger aperture to achieve the desired resolution, as

well as, alternative image encoding architectures. Often, a large

aperture is synthesized by mechanical raster scanning, such as

that used in synthetic aperture radar (SAR)1,2 and holographic3,4

techniques. Electrical beam forming can also be used to interro-

gate a scene, such as in phased arrays.5–7 Unfortunately, for

many potential applications in security screening and medical

diagnosis, these conventional approaches are either too slow (in

the case of SAR and holographic measurements) or require a

large number of prohibitively expensive components (in the

case of phased arrays).

Over the last decade, the exponential growth of comput-

ing power has paved the way for an alternative imaging

scheme in which a scene is encoded onto a set of sequential

measurements, which may or may not be orthogonal, but

which enable a drastic simplification of the sensor architec-

ture.8 The image can then be reconstructed from the

measurements using generalized computational techniques.9,10

Thus, the essential component of a computational imaging

system is an aperture that generates diverse measurement

modes—patterns of radiated fields—that sequentially sample

the scene. At microwaves frequencies, where modern elec-

tronics afford precision frequency control, the scene may be

encoded onto a set of frequency measurements from a

strongly dispersive radiation source over some frequency

bandwidth. Using this conceptual framework, several

approaches have been proposed and demonstrated. In one

approach, a set of frequency diverse metamaterial apertures

are excited and used as sources, radiating frequency-coded

field patterns at each frequency sampling point.11–14 In

another approach, a complex medium is connected to a con-

ventional antenna array and used as a passive multiplexer to

code and compress waveforms.15 While promising results

have been demonstrated using both methods, they have their

limitations. The resonant elements used in the first method

suffer from resistive losses, leading to generally low quality

factors (Q-factors). A low Q-factor can severely limit the

number of distinct modes within a given bandwidth as well as

the signal strength illuminating the scene. The lack of mode

diversity within a compact device is the main limitation of the

second method. In this letter, we propose an alternative micro-

wave imaging scheme based on a mode-mixing waveguide

cavity, which is simple to fabricate, supports strong mode di-

versity, and exhibits relatively high Q-factor.

Resonant cavity structures have previously been used in

the ultrasound regime to perform 3D imaging.16 Adopting a

similar cavity for microwave imaging offers several advan-

tages. Waveguide cavities are well known to exhibit low

losses and achieve high Q-factors. Since the number of inde-

pendent measurement modes, and hence mode diversity, is

set by the Q-factor of the cavity, it is desirable to maximize
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the Q-factor.17 However, it should be noted that since the

diffraction limit—or, equivalently, the space-bandwidth

product (SBP)—limits the number of useful measurement

modes, it is not possible to achieve infinite resolution even

with a hypothetical system having an infinite Q-factor; the

resolution of any system remains diffraction limited, and is

determined predominantly by the aperture size. Resonant

modes of waveguide cavities can be sampled and projected

onto a scene by perforating one of their sides by an array of

holes. Our goal in this letter is to experimentally demonstrate

an imaging system based on such a cavity at microwave fre-

quencies. The roles of different factors on the performance

of this system are investigated, and the physics pertaining to

this approach is discussed. It should be emphasized that the

device presented in this letter can be easily adapted to higher

millimeter wave frequencies and the terahertz regime.

The fabricated cavity examined in this paper is shown in

Figure 1. It consists of a hollow metallic rectangular cavity

with one corner reshaped into the form of a sphere. The front

side of the cavity is perforated by an array of small holes.

The role of the deformed corner is to catalyze mode-mixing

inside the cavity such that a diverse set of frequency depend-

ent modes couple through the array of holes and illuminate

the scene.18 The role of the corner deformation is highlighted

in Ref. 19 where a periodic array is shown to convert a cavity

into a directive radiator. Further, introducing scatterers into

the cavity (e.g., the spherical deformation in our case) results

in isotropic and diverse complex radiation patterns—essen-

tial for the computational imaging systems discussed here.

The cavity was designed to operate over the frequency band

of 17.5–26.5 GHz, covering the K-band (18–26.5 GHz) and

is fed through one of two possible WR-42 rectangular wave-

guide adapters bolted to the cavity’s sides. Since the number

of modes supported by the cavity is directly proportional to

the cavity volume, as predicted by the Weyl formula,17 it is

important that the cavity dimensions in all directions are

large with respect to the wavelength to maximize mode den-

sity. In addition, the cross-range resolution of the recon-

structed image is also dependent on the size of the cavity.

Considering these design constraints and ultimately being

limited by the print size of our 3D printer (lPrint SE Plus),

the fabricated cavity size was 20 cm � 20 cm � 5.3 cm with

a spherical deformation having a radius of 4.5 cm.

The periodicity of the holes within the front cover of the

cavity is 1 cm, leading to an 18 � 18 array of holes. The peri-

odicity and the size of the holes influence the performance of

the system. Ideally, it is desired that a unique cavity mode is

sampled by the hole array at each frequency. However, the

mode structure drastically changes with frequency and the

optimum array parameters for one mode may not be the

same for another mode. Here, we have selected the separa-

tion of the holes to be less than one wavelength so that the

array can sample all the cavity modes, though not necessarily

optimally. This condition is satisfied by our choice of 1 cm

periodicity of the holes, which is less than the smallest wave-

length, 1.13 cm, over the imaging frequency band of

17.5–26.5 GHz.

For the design of the cavity, the diameter of the holes

was varied in the range of 1 mm to 5 mm. The size of the

holes plays an important role in the operation of the imaging

system. Larger hole sizes correspond to better radiators and

higher coupling of the power from the cavity to the imaging

scene, increasing the signal to noise ratio (SNR). On the

other hand, larger hole sizes (better radiators) correspond to

lower Q-factors, as predicted by antenna theory.20

Fundamentally, the overall Q-factor of the cavity depends on

both the inherent, unloaded Q-factor of the cavity as well as

the loaded Q-factor caused by radiation from the holes. The

Q-factor of the cavity without the holes is roughly around

40 000–50 000 across the imaging frequency band.17

However, the Q-factor of the cavity with the holes can be

much lower due to the radiation out of the holes (as well as

surface roughness of the cavity interior boundaries). The sta-

tistical methods presented in Ref. 21 can be used to estimate

the Q-factor of the cavity when the holes are present. Here,

we experimentally determine the Q-factor of the cavity by

measuring the scattering parameters (S-parameters) of the

cavity feeds as described in Ref. 22 and repeated here

Q ¼ 16p2V

k3

jS21j2

1� jS11j2

" #
: (1)

In (1), V denotes the volume of the cavity, S11 is the

reflection coefficient at the first port, and S21 is the transmis-

sion coefficient from the first port to the second port. The Q-

factor measured in this manner exhibits rapid variation as a

function of frequency, since the coupling of the periodic hole

array to the cavity modes varies rapidly with frequency. As a

result, the averaged Q-factor over 17.5–26.5 GHz is plotted

in Figure 2(a) for cavities with different hole diameters. It

can be seen that smaller hole sizes correspond to higher

Q-factors due to the coupling loss reduction. We have also

performed the near-field scan of the cavity using a planar

near-field scanning system, NSI 200 V-3 � 3, to measure its

radiating fields for imaging purposes presented later in this

letter. The normalized power received in the near-field scans

for various hole sizes has been averaged over the imaging

frequency band of 17.5–26.5 GHz and is also plotted in

Figure 2(a). It can be seen that the power radiated by the

cavity decreases as the hole size decreases. The graph of

Figure 2(a) suggests that the size and separation of the holes

can be optimized to find the optimum point with the highest

Q-factor and radiated power. Moreover, dynamic meta-

surfaces can be used on the walls of the cavity or in lieu of

the transmitting hole array to shape the complex pattern into

FIG. 1. Overall view of the cavity imaging system including the transmitting

cavity (detailed description of the mode-mixing cavity structure can be seen

on the left) and the four receiving probes.
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a more desired manner as described in Ref. 23. Such optimi-

zation and analysis are beyond the scope of this letter and

are the topic of our ongoing research. Here, we focus on pre-

senting the efficacy of imaging using such a cavity.

To form an imaging aperture, we use a cavity (Figure 1)

with an array of holes with a 5 mm diameter. As the feeding

frequency is swept, the resonant mode formed inside the cav-

ity—and consequently, the pattern generated by the cavity at

the scene—changes drastically. This rapid variation allows

the scene information to be encoded onto a set of frequency

measurement modes. This method is distinct from recent

works,24,25 where a small object is placed close to a resonant

meta-lens to encode subwavelength details into frequency in-

formation. The mode-mixing cavity is designed here to

obtain real time diffraction-limited images of large objects in

the radiative near-field, while the resonant meta-lens obtains

subwavelength images of small objects. In the imaging con-

figuration shown in Figure 1, the cavity is fed by port 1 of an

Agilent N5245 vector network analyzer (10 MHz–50 GHz

operating frequency band). The signal reflected by the scene

is collected by several low gain NSI WR-42 probe antennas,

which are connected to port 2 of the network analyzer. The

signal paths to the various transmitting feeds and the receiv-

ing probes were controlled using two Keysight L7106C me-

chanical switches. The probes were placed 16.55 cm away

from the center of the cavity and tilted at 45� to ensure cou-

pling to both polarizations. The set of signals received by the

probes can be related to the scene reflectivity within the

standard computational imaging framework as9

gm ¼ Hmxnfn; (2)

where gm is the mth signal received by the probes, m is the

number of measurement modes, fn is the reflectivity of

the nth voxel within the scene, and Hmxn is the system trans-

fer matrix. Assuming the first Born approximation for

scattering, the system measurement matrix assumes the

simple form H / ETXERX. Here, ETX and ERX are the fields

from the transmitting cavity and the receiving probes,

respectively, projected to n voxels within the scene for m
measurement modes. A discussion of the form of the mea-

surement matrix is contained in Ref. 12. To calculate ETX,

the near-field of the cavity was scanned in both polariza-

tions. The measured near-field scans were then propagated

to the scene using surface equivalent principles.26 The field

generated by the probe at the scene was calculated by

assuming a magnetic dipole model for the low gain probes,

a justified approximation for radiation in the bore sight

direction.

An important factor governing the imaging performance

of the system is the total number of measurement modes, m
determined by s� nf eed � nprobe. Here, s is the number of

frequency points, nfeed is the number of feeds, and nprobe is

the number of probes. The choice for the number of fre-

quency points, s, predominantly determines the number of

measurement modes and has to be selected carefully.

Naturally, it is desired to use as high a number of measure-

ment modes as possible to improve the condition number of

Eq. (2). However, waveforms generated by the cavity are not

completely distinct due to finite Q-values, which necessarily

exhibit slight correlation. As a result, choosing too many

sampling points will increase the computational cost and

measurement time without improving the information con-

tent of H, or ultimately the reconstructed image. To deter-

mine an efficient number of frequency points, we note that

the average measured Q-factor of the cavity over the K-band

was measured to be 387 using Eq. (1). Since the frequency

range of operation is B¼ 9 GHz, the maximum frequency

sampling intervals, Df, can be calculated to be Df¼ 9 GHz/

387 ¼ 23.25 MHz, corresponding to 388 frequency points.

Reducing the number of frequency points below this limit

would result in undersampling the frequency diversity of the

cavity fields. In view of this, we use s¼ 499 frequency

points, corresponding to Df¼ 18 MHz, which is smaller than

the maximum 23.25 MHz limit. Consequently, the total num-

ber of measurement modes is m ¼ 499� 2� 4 ¼ 3992. It

should be noted that statistical analysis of the scattering pa-

rameters of the cavity feeds, using methods presented in

Ref. 27 and references therein, may obtain a better estimate

of Q-factor when modes inside cavities are uncorrelated.

However, such analysis does not answer how diversity of

modes inside cavities is transferred to the imaging scene. For

our imaging purposes, we have used the singular value

decomposition (SVD) of the fields generated by the cavities

at the imaging scene as a measure of their diversity. As

shown in Figure 2(b), the modes exhibit strong diversity at

the scene and carry information for computational imaging

purposes. Further investigation of the statistical properties of

the cavity and its relationship to imaging performance is a

topic of our future research.

The configuration shown in Figure 1 was used to recon-

struct images of a resolution target and a range multi-cross

target placed R¼ 50 cm away from the cavity. Although they

are placed in the Fresnel zone of the cavity and have poten-

tial for coupling to the cavity, their perturbation of the cavity

fields is minimal and can be ignored. However, for very large

targets or close proximity (approaching the reactive near-

field), this coupling should be taken into account. The actual

FIG. 2. Measured Q-factor, received

power, and SVD patterns of the cavity

(a) averaged Q-factor (Qav) and nor-

malized scan power patterns of the

cavity over 17.5–26.5 GHz as a func-

tion of hole size. (b) SVD patterns as a

function of hole size.
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imaged targets are shown in insets of Figure 3. The resolu-

tion target consists of vertical and horizontal stripes with

width and separation of 1 cm. The range multi-cross target

consists of two cross-shaped targets; one rotated by 45�, con-

structed using 1.5 cm stripes, and separated by a distance of

2 cm from each other in range (x-z plane). The distance

between the cross-shaped targets in range was determined by

the range resolution of the imager given as dr ¼ c=2B
¼ 1:66 cm, where c is the speed of light, and B is the imag-

ing frequency bandwidth of 9 GHz. The range resolution of

the frequency diverse cavity imager is dependent solely on

the bandwidth, similar to that of SAR systems.1 The scene

containing the imaged targets was discretized by cubic vox-

els of 5 mm in size, smaller than the half-wavelength over

17.5–26.5 GHz. Equation (2) was then solved using a least

square solver (generalized minimal residual method, known

as GMRES) to obtain an estimate of the target, fest. The

reconstructed 3D images of the imaged targets are shown in

Figure 3. The results in Figure 3 clearly demonstrate the

utility of the mode-mixing cavity as a device for encoding

the scene information for computational imaging purposes.

It is also worth noting that the cross-range (y-z plane)

resolution of the imaging system is predicted by the diffrac-

tion limit to be dcr ¼ kcenterR=2D ¼ 1:02 cm. Here,

D¼ 33.1 cm is the overall aperture size set by the distance

between the probes including the cavity aperture in between

and kcenter ¼ 1:36 cm is the wavelength at 22 GHz, the center

of frequency range of operation. The reconstructed image for

the 1 cm resolution target as shown in Figure 3(a) confirms

that the proposed system supports imaging at the diffraction

limit. Investigating the reconstructed image for the range

multi-cross target in Figure 3(b), it can be seen that both

cross-shaped objects (one is located at x¼ 0.5 m and the other

is at x¼ 0.52 m) were captured with a clear outline of the

objects. It is worth noting that the images shown in Figure 3

were obtained in a few seconds. For higher speed, a graphics

processing unit (GPU) can be utilized to accelerate the

computational solvers, and faster electronic switches can be

implemented. Such optimization is beyond the scope of this

letter.

In conclusion, we have demonstrated a computational

imaging system based on a mode-mixing cavity at micro-

wave frequencies. The proposed system differs from conven-

tional imaging systems, such as a SAR system, in that it

circumvents the requirement of moving any mechanical parts

for the imaging, and further, it has a drastically reduced com-

ponent cost compared to phased array approaches. The

reconstructed images demonstrate that the proposed mode-

mixing cavity imager supports imaging at the diffraction

limit. This device may find applications in security screen-

ing, through-wall imaging, medical diagnostic imaging, and

other imaging systems.
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