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Abstract—Terahertz (THz) imaging traditionally uses pixel-
to-pixel mechanical raster scanning, which is slow and limits
the resolution and potential applications. Compressive Sensing
Terahertz (CS-THz) imaging has the potential to solve these
challenges by reducing the number of required measurements.
However, there is an existing research gap between the current
CS-THz implementations, which often use random binary masks
without further consideration, and specialized Compressive Sens-
ing works, which focus on RIP and coherence reduction but
ignore the physics underlying THz wave propagation such as
the effect of diffraction on masks patterns. This paper discusses
and evaluates the use of low-coherence sensing matrices as mask
patterns for CS-THz imaging. Although not previously used in
THz imaging, Best Antipodal Spherical Code masks show the
best image reconstruction performance among the considered
alternatives. We also demonstrate the feasibility of phase-only
modulation.

Index Terms—THz imaging, Optical Switch, Compressive
Sensing, Spatial Light Modulation

I. INTRODUCTION

THz imaging is a promising technology with potential
applications in security [1], food industry/agriculture [2], etc.
Traditionally, THz imaging uses mechanical pixel-by-pixel
raster scanning in many applications due to a lack of adequate,
cost-effective array detectors. The mechanical pixel-by-pixel
raster scanning is usually slow. Hence there is a trade-off
between the resolutions and the speed of the imaging system.

Compressive sensing (CS) allows sampling signals at a
lower rate than dictated by the Nyquist theorem. The most
common implementation of CS in the THz imaging system
is the single-pixel camera, which involves sampling with dif-
ferent spatial modulation patterns. Previous implementations
involve using a pre-patterned metal board, blocking Terahertz
radiation [3]; this still used mechanical/manual switching,
which is slow and limited to binary amplitude modula-
tion. Photoexcitation of semiconductor substrates allows non-
mechanical pattern switching with the projection of visible
patterns on a proper semiconductor [4], [5].

Electromagnetic waves are subject to diffraction when hit-
ting an obstacle or propagating through an aperture of the
size in the range or less than its wavelength. These effects
are negligible in the optical domain but not in THz as the
wavelength and pixel pitch are of the same order of magnitude
[6]. Hence, due to the coherence and diffraction effects, the
resulting wavefront interacting with the scene exhibits a spatial
modulation that may largely differ from the one intended with

the commanded mask, affecting the quality of the imaging
system, achievable resolution, and the minimum number of
measurements required, among others [7].

These challenges make the study of sensing schemes and
mask implementation crucial for achieving a good signal-
to-noise ratio in the CS-THz imaging system. This research
discusses the realization of well-known sensing matrices in
two sensing scheme designs and presents quality image recon-
struction using CS. We introduce using Best Antipodal Spher-
ical Code (BASC) and Low-Density Parity-Check (LDPC)
codes sensing matrices in THz imaging, which outperform
the alternatives used in prior works. For the random Gaussian
sensing matrix, The proposed phase-only setup improves the
existing amplitude modulation setup.

II. BACKGROUND REVIEW AND RELATED WORK

A. THz Spatial Light Modulation

THz spatial light modulation is achieved by translating
visible-light spatial modulation into the modulation of a THz
beam when incident to an appropriate semiconductor. Photoex-
citation of the semiconductor substrates below the bandgap
wavelength increases excess carrier density, modifying the
refraction index and coefficient of extinction [4].

Different factors affect the THz modulation. The compar-
ison and study of essential factors for intrinsic Si, Ge, and
GaAs are presented in [5].

THz spatial light modulation using a photo-injected zone
plate allows reflective THz spatial light modulation by placing
a THz wave reflector behind. This configuration allows both
phase-only modulation and amplitude modulation [4].

B. Compressive sensing

CS involves sampling and reconstructing signals at a lower
rate than the Shannon-Nyquist sampling rate. It models signal
acquisition as a linear system, given a signal x ∈ Cn, and
sensing matrix A ∈ Cm×n to yield y ∈ Cm. CS allows
sampling at m << n.

Successful signal reconstruction in CS relies on the sparsity
of x and the isometric behavior of the sensing matrices for
differences of s-sparse signals [8]. The restrictive isometric
principle is hard to prove as computing δ2s is NP hard [9]. A
more probabilistic way is expressed in terms of coherence.

When expressed in a suitably basis, many natural signals are
sparse or approximate to a sparse representation. This opens up
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Fig. 1: Reflective CS THz
imaging setup.

Fig. 2: Refractive CS THz
imaging setup.

multiple applications, given a proper sensing scheme ensuring
low coherence. [9] presents a summary of the different relevant
sensing matrices.

C. THz imaging with compressive sensing

Using the single-pixel idea, [3] demonstrated that it is pos-
sible to perform THz imaging using fewer measurements than
those suggested by the Nyquist rate using spatial modulation
of THz radiation with random binary masks obtained through
metallic PCB prints and a single detector. However, the use
of metallic print still required a mechanical switch. Optical
switch-based THz Spatial light Modulator(SLM) allows spatial
light modulation and eliminates the need for mechanical scans
[10], [11]. This modulation technique allows high-speed signal
acquisition and image reconstruction using CS [12], [13].

CS THz imaging still has multiple challenges, such as the
diffraction effect, which leads to a difference between the
optically projected masks and the commanded CS imaging
sensing masks. In [14] with extra precautions for limiting the
diffraction effect; Bernouilli, Hadamard, DCT, and random
Gaussian masks were investigated. However, the projection of
these masks modifies their geometry.

Provided that most THz detectors are intensity-only mea-
surements, reconstructing the scene from phase-blind measure-
ments is the fundamental inverse problem in THz imaging,
described with (1), which is different from classic CS. This
project uses the Phase Retrieval via Wirtinger Flow described
in [15], one of the most widely-used methods for solving the
problem at hand and yielding state-of-art results.

yi = |⟨a⃗i, vec(x)⟩|2 (1)

III. THZ IMAGING SENSING MODELS

A well-designed CS-THz imaging system sensing scheme is
essential for obtaining high-resolution quality images. Proper
design allows uncoherent measurements yielding good signal
reconstruction. In this work, we discuss a refractive design,
described in Fig. 2, and a reflective design, shown in Fig. 1.

For the refractive design, the transmitter, Tx, radiates THz
waves, which propagate to the lens and produce an approxi-
mately collimated beam that propagates toward the SLM, mod-
eled as field E simulated using the equations in [16]. The SLM
modulates the THz radiation yielding MTHz = MSLM◦E with
◦ denoting element-wise multiplication. These masks diffract
toward the scene according to linear model DMS, interact with
the scene, and then diffract toward the receiver through a
condensing lens with DSR. The diffraction is modeled using
[17]. Each propagation with intensity-only measurement is
described in (2), formulated as (1).
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Fig. 3: Differently from optical CS imaging, in CS THz
imaging, the commanded masks undergo a series of physics-
related transforms before interacting with the scene.

yi = |⟨diag(DMSvec(MTHz
i )DH

SR1⃗, vec(x)⟩|2 (2)

For the reflective design, after interacting with the scene, the
radiation diffracts to the SLM with DSM. The SLM modulates
the diffracted radiation, which further diffracts toward the
receiver for collection. Each measurement is then described
by (3), formulated as (1).

yi = |⟨DH
MRdiag(M

SLM)DH
SMdiag(DMSvec(MTHz))⃗1,

vec(x)⟩|2
(3)

Fig. 3 shows how a standard sensing matrix is transformed
during THz imaging to give rise to the THz sensing matrix,
A
[
a⃗i

H
]m
i=1

, where we used a⃗i
H to denote the transposed

vectors of a⃗i from (2) and (3) depending on the design.
The hardware implementation of the SLM is limited to 256
discrete modulation steps, the feasible matrix, which is also
equivalent to the optical sensing matrix in our simulation. The
optical masks allows the THz modulation to yield the SLM
masks, then undergo diffraction and give rise to the sensing
matrix. Unlike previous studies, we also investigate phase-only
modulation, which is possible with the technique in [4].

IV. RESULTS AND DISCUSSIONS

The coherence between the columns of a sensing matrix is
an essential factor for obtaining high-quality image reconstruc-
tion from a few measurements. Most well-known CS matrices
are designed to minimize the maximum coherence. Due to
THz nature, the resulting THz sensing matrix is different from
the original standard sensing matrices. Thus, the coherence
between the THz sensing matrix columns differs from the
original one.

We simulate a THz system of 0.35THz with a resolution
of 32×32 with 1×1mm resolution step for our target. We use
a Siemens star as the binary target, meaning either reflect or
not, as shown in Fig. 4a. We investigated the performance of
well-known sensing matrices; Bernoulli, Gaussian, Hadamard,
BASC, and LDPC codes. Where possible, we implemented
phase-only and amplitude modulation. Below are the results.

All sensing matrices are affected by diffraction, affecting
the coherence, especially between matrix columns correspond-
ing to neighboring pixels. As the diffraction increases, the
maximum coherence increases, medium diffraction sometimes
dramatically boosts correlation between neighboring pixels, as
a consequence of the mixing of neighboring pixels, the overall
accuracy will also be lower. The Table I and Fig. 4 summarize
the image reconstruction quality for m = n

8 ,this being the
inflexion point of ratio m

n vs. performance metrics. However,
one crucial fact for very high diffraction is that coherence for
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Fig. 4: CS THz imaging results with m = n
8 for masks of

different nature; with * for the refractive design and ** for
the reflective design; and ampl. for the amplitude modulation
matrix and m. for modulated.

TABLE I: Performance of different sensing matrices at m = n
8

Sensing matrix Refractive design Reflective design
RMSE SSIM PSNR RMSE SSIM PSNR

Hadamard 0.44* 0.07* 6.94* 0.47 0.01 6.46
Ampl. mod. Hadamard 0.38* 0.17* 8.35* 0.42 0.11 7.52

Bernoulli 0.36 0.21 8. 78* 0.36 0.24* 8.74
Ampl. mod. Gaussian 0.38 0.14 8.34 0.35* 0.26* 9.03*
Phase mod. Gaussian 0.36* 0.21 8.82* 0.37 0.22* 8.60

BASC 0.35 0.24 8.97 0.35* 0.29* 9.05*
LDPC codes 0.36 0.22 8.81 0.36 0.26* 8.84*

Ampl. stands for amplitude and mod. for modulated.
Bold describes the best overall performance for a given metric.
* indicates the best performance for a given sensing matrix.

any subset of columns is generally high, making the inversion
of the problem ill-posed.

For Randon Bernoulli sensing matrix with p = 0.5, the
reconstructed image is distorted but recognizable as shown in
Fig. 4b and 4c. As the probability p of allowing transmission
increases, the coherence increases, resulting in more distorted
pixels. It seems thus recommendable to use lower p; this
affects the intensity detected at the sensor as most THz
radiation would be blocked — creating a trade-off between
p and THz transmitter power.

For Random Gaussian sensing matrix implementation,
shown in Fig. 4d, 4e, 4f, and 4g, phase-only implementation
is also possible. In the refractive design, the phase-modulation
method performs better than amplitude-modulation and is also

practically as good as for the Bernoulli sensing matrix.
Most previous implementations of Hadamard sensing ma-

trix in single-pixel THz imaging involve converting into am-
plitude modulation by using 0 instead of -1, which changes the
coherence of the sensing matrix. Phase-only modulation offers
proper implementation, but since we are using intensity-only
measurements, the performance expected from low-coherence
behavior was not obtained, as shown in Fig. 4i. On the other
hand, the intensity modulation presented better performance
but not as good as the previously presented sensing matrices,
as shown in Fig. 4k.

LDPC codes sensing matrix [18] also showed a slight
improvement over the previous sensing matrices, as seen in
Fig. 4l, 4m, and Table I.

BASC sensing matrix [19] construction yields minimal co-
herence between code words, but they had to be adapted
the feasible hardware implementation. They were the best
performing matrices with observed improvement as shown in
Table I and Fig. 4.

Phase modulation in some cases is better than amplitude
modulation, as can be seen in the performance of the random
Gaussian sensing matrix. A significant advantage of phase-
only modulation is less THz power requirement due to no
beam blocking at the modulation.

For amplitude-based sensing matrix, the reflective sensing
system design outperforms the refractive sensing system de-
sign, since the mask is reinforced when reflected, as shown
on Table I and Fig. 4; and but it requires much more power.

V. CONCLUSION AND OUTLOOK

Using an intensity-only measurement setup, we demon-
strated that appropriate selection of the spatial modulation
patterns contributes to the quality of CS THz imaging due
to their initial coherence and the diffraction effects, which can
further increase the latter. Using a Siemens star as a target
and Wirtinger Flow as a reconstruction method, a set of low-
coherence sensing matrices has been evaluated for their ability
to produce an acceptable THz image with only one eighth
number of pixels as the number of measurements. Phase-only
modulation has been demonstrated and, as it is non-blocking,
requires less THz illumination power. BASC-based sensing
matrices exhibit the best performance as their design mini-
mizes inter-column coherence. Simulation shows results that
are backed by both electromagnetic and CS theory. The next
step is the hardware implementation of the system to validate
the performance of the different alternatives experimentally.
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