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Beam Profiling of a Commercial Lens-Assisted

Terahertz Time Domain Spectrometer
Suzanna Freer, Andrei Gorodetsky, and Miguel Navarro-Cı́a, Senior Member, IEEE

Abstract—To undertake THz spectroscopy and imaging, and
accurately design and predict the performance of quasi-optical
components, knowledge of the parameters of the beam (ideally
Gaussian) emitted from a THz source is paramount. Despite
its proliferation, relatively little work has been done on this in
the frame of broadband THz photoconductive antennas. Using
primarily pinhole scanning methods, along with stepwise angular
spectrum simulations, we investigate the profile and polarization
characteristics of the beam emitted by a commercial silicon-lens-
integrated THz photoconductive antenna and collimated by a
TPX (polymethylpentene) lens. Our study flags the limitations
of the different beam profiling methods and their impact on the
beam Gaussianity estimation. A non-Gaussian asymmetric beam
is observed, with main lobe beam waists along x and y varying
from 8.4±0.7 mm and 7.7±0.7 mm at 0.25 THz, to 1.4±0.7 mm
and 1.4±0.7 mm at 1 THz, respectively. Additionally, we report a
maximum cross-polar component relative to the on-axis co-polar
component of -11.6 dB and -21.2 dB, at 0.25 THz and 1 THz,
respectively.

Index Terms—Beam profile, edge diffraction, Gaussian beam,
imaging, quasi-optics, terahertz, time-domain spectrometer.

I. INTRODUCTION

RECENT years have witnessed a significant technolog-

ical development of commercial THz instruments [1],

[2], increasing the accessibility of time-domain spectroscopy

(TDS). TDS enables broadband spectroscopy, providing both

the temporal response and spectroscopic information of sam-

ples [2]. Additionally, TDS systems have attracted a large

amount of attention regarding their imaging capabilities [3],

[4]. In most imaging systems, scanning of the object with a

focused THz beam is performed, which provides poor trans-

verse spatial resolution [3]. Alternatively, for full wavefront

detection with higher spatial resolution and the ability to

retrieve full spectral information with a single pixel detector,

scanning with a pinhole approach can be used [5], [6]. The lack

of cameras sensitive to the field produced by a TDS source

with adequate resolution, in addition to the desire to avoid

lengthy two-dimensional raster scanning, has recently driven

researchers towards a compressed sensing approach to single

pixel detection [7], [8].
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Standard THz TDS systems are comprised of an emitter

and detector, both with integrated silicon lenses [2], [9]. In

addition, quasi-optics [10], including lenses and mirrors, are

integrated into the system to control the beam as it propagates,

see Fig. 1(a). Precise knowledge of the beam parameters

over the whole frequency range of the system (more than a

decade for THz TDS) is fundamental for spectroscopy [11],

[12] and imaging [4]. This includes not only the beam waist

(i.e. 1/e decay half width of the field amplitude), but also

its cross-polar level. Seminal work was carried out around

the turn of the century in these fronts for optical free-space-

coupled [13], [14], fiber-coupled [15]–[17] and hybrid [18]

in-house systems. Since then, beam characterization of free-

space-coupled in-house systems has been undertaken [19]–

[22].
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Fig. 1. (a) General optical layout of the 2f + 230 mm setup implemented
with the TERA K15 THz TDS. Beam intensity profiles at different stages is
shown; PCA stands for photoconductive antenna. (b) X- and Y-time maps of
the THz beam corresponding to the pinhole-only scan.

Nowadays, most commercial THz TDS systems are fiber-

coupled to utilise the mature and cost-efficient telecom tech-

nology. The beam profiles in such systems are expected to be

similar to those of free-spaced-coupled systems since the THz

beam profile is a function of the photoconductive antenna,

silicon lens, and any other (quasi-)optics in the emitter side,

regardless of the near-infrared laser coupling mechanism.

However, we will show that fibre-coupled systems enable us to

de-embed the influence of the (quasi-)optics on the detector

side, given the ability to scan the pinhole and detector co-

aligned. Such a serious consideration to the impact of the
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Fig. 2. Peak-to-peak THz beam profiles obtained from two different pinhole scanning approaches, whose layouts can be found in the top insets. (a) Two-
dimensional (2D) raster scan of a ⊘1 mm pinhole-only, and (b) 2D raster scan of a ⊘1 mm pinhole and detector together. The pinhole was placed in the
middle point of the THz setup. The cross-section plots show the peak-to-peak profiles together with profiles at different frequencies.

detection transfer function on the beam profiling is limited

in the open literature.

Here, we compile a rigorous beam characterization of the

commercial TERA K15 Mark II all fiber-coupled THz TDS

system from Menlo Systems, scrutinising the impact of the

detection side (quasi-)optics on the beam profile estimate.

Given the lack of commercial cameras sensitive to collimated

beams from TDS systems, we report two aperture scanning

methods (see Fig. 2) and a knife-edge method. The first

aperture scan consists of raster scanning the pinhole. The sec-

ond involves scanning the pinhole and fiber-coupled detector

simultaneously, a technique which cannot be achieved in a

free-space-coupled setup. This campaign of measurements is

complemented by stepwise angular spectrum method results

and a reduced number of computationally-affordable full-wave

simulations.

II. MEASUREMENT APPROACHES, RESULTS AND INITIAL

OBSERVATIONS

The beam profile of a TERA K15 Mark II system is charac-

terized here. In this system, the THz radiation is generated and

detected with PCA modules manufactured by the Fraunhofer

Heinrich-Hertz Institute [23], [24]. The detailed PCA modules

and system specifications as well as measurement settings are

listed in Appendix A. The raw experimental data in all setups

is the THz time trace (i.e. waveform). An example of such raw

data can be found in Fig. 1(b). The spectral response is then

obtained by Fourier transformation with Hanning windowing.

A. Pinhole-only scanning method

Spatially sampling the THz beam by raster scanning a

pinhole in the xy-plane across the setup is the most popular

method for both far-field [19] and near-field [25]–[27] beam

mapping. Precautions should be taken for far-field mapping,

however, as discussed in the next subsection. Here, the pinhole

consisted of a 1 mm thick metallic plate acting as a beam

block, with a small aperture. The pinhole diameter affects

both the resolution of the image and signal-to-noise ratio of

the detected signal. One must therefore find a compromise

between the two [19]. Here, an aperture diameter of 1 mm was

chosen and kept throughout the manuscript. The raster scan

step was 0.7 mm along both the x and y axes. The distance

between the two TPX lenses (see Fig. 1(b)) was approximately

230 mm, and the scanned plane corresponded to the middle

plane of the THz setup. The beam waist of the main lobe,

tabulated in Appendix B, was subsequently extracted from the

field image presented in Fig. 2(a), see Fig. 3.
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Fig. 3. Beam waist along x (a) and y (b) as a function of frequency for the
five different scanning settings discussed in the manuscript: the pinhole-only

scanning method (method A), the co-aligned pinhole and detector scanning
method with (method B) and without focusing TPX lens (method C), the
detector scanning method without focusing TPX lens (method C) and the
knife-edge method (Appendix C). The shaded regions represent uncertainty.

B. Pinhole and detector scanning method

To determine the effect of the detection process on measure-

ments (i.e. to de-embed the receiving pattern of the detector),

the detector was scanned simultaneously with the pinhole. Two

scans were undertaken: the first with the detector unit (includ-

ing the TPX lens) positioned approximately 100 mm from

the pinhole plane (Fig. 2(b)). This 15 mm offset compared to

method A was introduced to enable the pinhole and detector

to be mounted on the same xy-stage. For the second scan,

the pinhole was moved toward the detector and positioned

approximately 4 mm from the detector TPX lens (Fig. 4(c)).

In this instance, the scanning plane did not correspond to the

middle plane of the THz setup. The raster scan steps for the

two methods were 0.7 mm and 0.5 mm, respectively.

From the frequency domain field cross-sections in Fig. 2(b)

and the extracted beam waists in Fig. 3, one can observe

a narrower beam waist along the y axis (H-plane). This is

corroborated by the knife-edge results in Appendix C. This

asymmetry is attributed to the effect of the s- and p-polarized

Fresnel reflection at the silicon lens surface in both the PCA

emitter and detector. In the x (E-plane) and y (H-plane)

directions, the field is p- and s-polarized, respectively. p-

polarized light exhibits a lower reflection coefficient, resulting

in higher transmission. CST Microwave Studio® full-wave

simulations of the lens-assisted PCA confirm the asymmetry

of the beam due to the Fresnel reflection. The fact that

such asymmetry is not visible in the pinhole-only scanning

method (Fig. 2(a)) is likely due to the reduction of the field

projection in the detector plane for the off-axis field, i.e. the

field further from the beam axis has a smaller field projection

in the detector plane. Note that an asymmetric beam has also

been reported for a newer generation of emitter modules from

Fraunhofer Heinrich-Hertz Institute [17].

The fixed frequency field cross-sections presented in

Fig. 2(b) and 4(c) (measured in the central plane and the plane

4 mm from the detector) exhibit interference fringes. Given

the recorded temporal window of 52 ps, these fringes are

attributed to the refractive index step between the silicon lens

and InP substrate of the emitter [13], [18], [20], as confirmed

by our CST Microwave Studio® full-wave simulations. It

should be noted that these fringes do not appear in the pinhole-

only scan images (Fig. 2(a)). This is possibly a result of the

field projection on the detector. Hence, side-lobes become

suppressed when the detector is not in-line with the pinhole

axis. This finding, alongside the fact that the pinhole-only

scanning method is the common standard, may explain the

frequent reports of Gaussian beams for TDS systems [2],

[9], [16], [18], [19], [21], [28], in contrast to the initial

understanding [13].

Our full-wave simulations also reveal the increasing sig-

nificance of the side-lobes (i.e. interference fringes) when a

longer temporal window is considered. This undesirable effect

is due to the reflections inside the silicon lens and diffraction

on the boundaries of the emitter chip. It should be of concern

for spectroscopy and imaging applications requiring long time

delays and CW system using these type of lens-assisted PCAs

(e.g. photomixing systems) [29].

C. Removed focusing TPX lens scanning method

To determine the effect of the highly transmissive TPX lens

in the detector side, the lens was removed and each scan

(PCA scan without and with pinhole) were repeated, see top

insets in Fig. 4(a,b) for layouts. A similar approach, but for

a free-space-coupled system, can be found in [22]. Again, the

scanning plane did not correspond to the middle plane of the

THz setup used for methods A and the former B. The images

obtained are presented in Fig. 4(a,b). The inspection of the

beam profiles for pinhole and PCA scans without and with

a TPX lens presented in Fig. 4(b,c) confirm the negligible

effect of this focusing TPX lens on the beam characterization.

This, in turn, confirms that the beam in the THz setup is

highly collimated, which we verified by scanning the beam

at different z-planes. The residual divergence calculated from

the latter measurements is Θ ≈1.5 deg to 0.7 deg, from 0.25

THz to 1 THz, in both principal planes. The corresponding

beam waists as a function of frequency can be found in Fig.

3.



IEEE TRANSACTIONS ON TERAHERTZ SCIENCE AND TECHNOLOGY, VOL. XX, NO. Y, ZZZZ 2020 4

−10 −5 0 5 10

−10

−5

0

5

10

0

0.2

0.4

0.6

0.8

1

x, mm

y,
 m

m

−10 −5 0 5 10

−10

−5

0

5

10

0

0.2

0.4

0.6

0.8

1

x, mm

y,
 m

m

−10 −5 0 5 10

−10

−5

0

5

10

0

0.2

0.4

0.6

0.8

1

x, mm

y,
 m

m

(a) (c)

E
THz

a.u.

(b)

PCA only scan Pinhole and PCA scan,
 no lens

 Lens, pinhole and PCA scanE
THz

a.u.

E
THz

,
a.u.

0.5 1

0.5

1
p2p
0.25 THz
0.5 THz
0.75 THz
1 THz

0.5 1

0.5

1
p2p
0.25 THz
0.5 THz
0.75 THz
1 THz

0.5 1

0.5

1
p2p
0.25 THz
0.5 THz
0.75 THz
1 THz

y

pinhole
y

x
x

y

pinhole

x

y

x

y

x

y

x

y

Fig. 4. Peak-to-peak THz beam profiles obtained from the three different scanning methods whose layouts can be found in the top insets. (a) 2D raster scan
with the PCA only, (b) 2D raster scan with the ⊘1 mm pinhole placed at the second TPX lens position, moved together with the PCA detector, and (c)
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D. Cross-polarized field distribution

The cross-polar level can be used to characterize the polar-

ization purity of a beam. It is defined as the ratio of the cross-

polar component of the field at a specific point in space to the

maximum co-polar field. Despite the cross-polar level being

an important characteristic for antennas [21], [30], [31], quasi-

optical systems [10], [32] and spectroscopy of anisotropic

materials [33], [34] and metamaterials [35]–[38], it is rarely

reported for THz TDS systems, except on-axis.

To estimate the cross-polar level in the xy-plane for the pin-

hole and detector scanning method and removed focusing TPX

lens scanning method, the detector was rotated 90 deg with

respect to the emitter and scanned with the same translation

step as the co-polar measurement counterparts. To deconvolve

the detector’s cross-polarization from the cross-polarization

measurement, the detector’s polarization sensitivity was first

estimated, as described in Appendix D.

The deconvolved cross-polar component in the xy-plane can

be seen in the second row of Fig. 5 and Fig. 6. The cross-polar

measurements are a result of the combination of the emitter’s

cross-polarization and a diverging wave front. If one defines

a vertically polarized Gaussian beam waist at a given location

and propagates this beam to a plane some distance away from

the optical axis, the intercepted wavefront has non-zero electric

field in the horizontal electric field components. That is, a

linearly, vertically polarized emitter in spherical coordinates

has a non-zero Eθ component and a zero Eφ component.

When this radiation is intercepted at a plane that is normal

to θ = π/2 and φ = 0, the projection of Eθ at any point on

the plane corresponding to a non-zero Eθ and a non-zero Eφ

produces a non-zero Ex and non-zero Ey . Moreover, assuming

that the x = 0, y = 0 (origin) point on the plane is coincident

with the θ = π/2, φ = 0 axis, the projected horizontal

electric field component should be symmetric about the x-

axis and y-axis. This is in evident in Fig. 5 and Fig. 6. The

above reasoning is confirmed with the calculated projections

extracted from simulations using the stepwise approach to

the angular spectrum method (ASM) [39]. This approach is

described in more detail in Section III.

Disentangling the emitter’s cross-polarization and the di-

verging front contributions is beyond the scope of this

manuscript. Nevertheless, the emitter without the collimating

TPX lens has been simulated using CST Microwave Studio®

and its corresponding cross-polar far-field patterns for four

different frequencies can be found in Appendix E. They also

show the mirror symmetry about the x-axis and y-axis.

Table I presents the cross-polar levels defined as the ratio

of the maximum cross-polar field to the maximum co-polar

field extracted from Fig. 5 and Fig. 6. There is consistency

between methods. The cross-polar levels reported here are

significantly lower than that achieved in high-performance CW

quasi-optical systems that provide levels of at least -30 dB

[10], [32]. They are, however, better than those reported for

in-house leaky lens antennas and THz PCAs [21], [31].

E. Beam Directivity

The directivity of the emitter including the collimating TPX

lens was estimated using the approximated formula:

1

D
=

1

2

(

1

Dx

+
1

Dy

)

, (1)
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Fig. 5. Experimental co- (top row) and cross-polarization (middle row) THz beam maps at the middle plane of the THz setup for 0.25, 0.5, 0.75 and 1 THz
(from left to right), obtained with the ⊘1 mm pinhole and detector scanning method. (Bottom row) Corresponding simulated cross-polarization THz beam
maps.

TABLE I
CROSS-POLAR LEVELS EXTRACTED FROM FIG. 5 AND FIG. 6, FOR THE

PINHOLE AND DETECTOR SCANNING METHOD AND REMOVED TPX LENS

SCANNING METHOD, RESPECTIVELY.

Freq,
THz

Pinhole + PCA
Cross-Polar
Level (dB)

Removed-TPX
Lens Cross-Polar

Level (dB)

0.25 -11.6 -13.0

0.5 -13.9 -12.1

0.75 -17.3 -16.3

1 -21.2 -20.6

where Dx and Dy are the directivities extracted from the x
and y cross-sections [40], defined as

Dx =
|E(θ)|2max

1

2

π
∫

0

|E(θ, 0)|2sinθdθ

(2)

and

Dy =
|E(φ)|2max

1

2

π
∫

0

|E(θ, π/2)|2sinθdθ

. (3)

E(θ, φ) is the electric field at polar coordinates θ and φ. The

frequency dependent directivity of the beam was calculated

from the x and y cross-sections of the pinhole and detector

scan beam profile in Fig. 5. The directivity presented in Fig.

7, along with the corresponding residual divergence, show

reasonable collimation of the beam. Menlo systems’ data sheet

reports full-wave at half-maximum divergence angle of 12.5

deg for the emitter alone, demonstrating the good collimation

provided by the TPX lens on the emitter side.

III. DISCUSSION

A. Simulation of the beam profile along the system

Simulations of the beam profile along the THz setup (Fig. 8)

were performed using the stepwise approach [39] to the ASM,

which is capable of simulating non-paraxial beams [41] and

is often used for THz pulse propagation simulation in THz

pulse time domain holography [6], [42], for example. The

ASM was limited to two-dimensional calculation to accelerate

calculation time, and was fulfilled with band-limiting [43].

This assumption was made due to the axial symmetry of the

system (neglecting the slight asymmetry of the emitter chip

radiation pattern shown earlier). Initial beam profiles were

taken as rectangular with a width of 4.22 mm, similar at all

frequencies. Such initial profile produces a field distribution

similar to ones reported for silicon lens coupled PCA in

Ref. [13], see Fig. 9(a). The TPX lenses were accounted for

in the thin lens approximation.

The characteristic frequency-dependent beam waist at the

midpoint of any 4f confocal setup [44] can be seen readily
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in Fig. 8. These simulations confirm the non-negligible side-

lobes observed in the measurements. Hence, the beam in this

commercial TDS system cannot be considered Gaussian. With

this caveat, we can still define a beam waist (i.e. 1/e decay

half width of the field amplitude) for the main lobe where the

Gaussian function is a good approximation [13]. Beam waists

were obtained from the simulation at the midpoint of the setup

(and thus, free of the filtering effect of the detector; this effect

will be accounted for and discussed below). They are found

to be comparable with the experimentally measured ones: 6.7

mm at 0.25 THz, 3.4 mm at 0.5 THz, 2.2 mm at 0.75 THz

and 1.7 mm at 1 THz.

−10

0

10

0

0.2

0.4

0.6

0.8

1

y
, 

m
m

−10

0

10

y
, 

m
m

−10

0

10

y
, 

m
m

0 5 10 15 20

−10

0

10

z, cm

y
, 

m
m

0.5 1

Intensity, arb.u.

0.25 THz

0.5 THz

0.75 THz

1 THz

(a)

(b)

(c)

(d)

Fig. 8. Simulated normalised frequency beam profile across the setup
computed via the stepwise angular spectrum method.

B. 2D beam profile - the effect of s- and p-polarized Fresnel

reflection

To further investigate measurement approaches, we simu-

lated all described beam profile scanning methods. First, let

us compare the cases where the pinhole was placed at the

midpoint of THz setup and the beam was scanned by moving
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the pinhole alone (Fig. 1(d) and Fig. 2(a)) or by moving

pinhole, lens, and detector altogether (Fig. 1(e) and Fig. 2(b)).

To simulate these cases, any radiation outside the pinhole

diameter was blocked, and the signal on the detector PCA

was estimated as:

E =

r
∫

−r

Ti (x) cos (θt (x)) dx, (4)

where Ti (x) =
√

1−R2

i is the Fresnel transmission coeffi-

cient, i denotes the polarization type (p- or s-), and θt (x) is

the angle of refraction inside the hemispherical silicon lens.

We note that this simulation does not take into account the

similar effect at the emitter PCA, responsible for the beam

asymmetry observed in Figs. 2-6 and Fig. 11. This effect

is responsible for a narrowed beam with more pronounced

interference lobes in the y direction. Ti (x)∗cos (θt (x)) for s-

and p- polarizations are shown in Fig. 9 (b). In the simulation,

Ts and Tp did not demonstrate noticeable difference in THz

field profiles. Thus, we plot here in Fig. 9 (c-j) only the cut

along the y axis corresponding to the s-polarization. Moreover,

simulation of the pinhole-only, and pinhole, lens and detector

scan did not reveal significantly noticeable differences in the

beam profile shapes (see Fig. 9 (c-d)). Thus, the differences

in experimental measurements arise, most likely, due to the

difference in Fresnel reflection of s- and p- polarized radiation,

that is not fully taken into account in scalar simulations.

To check the origin (e.g. propagation properties or Fresnel

reflections) of the difference in beam waist in the results

in Fig. 4, simulation of these scanning approaches were

performed accordingly, see Fig. 10. From Fig. 10, it can

be seen that although the simulation follows the PCA-only

scan, the effect of the presence of the lens in measurements

involving the pinhole manifests itself differently. In the exper-

iment, it results in a wider beam, while in the simulation it

results in a slightly narrower beam, due to the effect of the

Fresnel reflection from the TPX lens not accounted for in the

simulation.

C. Comparison of approaches

To obtain a full spatial profile, one must complete a full

raster scan of the beam. The simplest approach uses single-

aperture scanning, discussed here. A more advanced approach

using two-aperture scanning or a mask followed by single-

aperture scanning is the Hartmann test. The latter approach

has previously been discussed in the context of free-spaced-

coupled TDS systems [19], but is not addressed here. The

appropriate aperture scanning approach (among those covered

here) somewhat depends on the prospective application. The

pinhole and detector scan provides a more accurate profile

of the beam than the pinhole-only scan, with less suppression

of side-lobes attributed to Fresnel reflections. This conclusion

is supported by the ASM results, which show negligible

difference between pinhole-only and pinhole and detector

movement. For applications where the whole beam is used

to perform dielectric property measurements, it is useful to

know the excitation region of the sample, and hence a pinhole
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Fig. 9. (a) Simulated beam profile at 0.586 THz 25 mm from the silicon
lens tip compared with the profile obtained in Ref. [13] at 0.586 THz
35 mm from the silicon lens tip; (b) PCA simulation window for s- and
p- polarized radiation; (c) - (j) beam profiles for pinhole-only (c), (e), (g),
(i) and pinhole+lens+PCA (d), (f), (h), (j) scans. Black solid line show the
experimental data for s- polarized (y) axis, red curves show simulated data
with scalar fields.

and detector scan would be the profiling method of choice.

For applications such as single pixel imaging where the beam

is spatially modulated with a series of masks and the ‘bucket’

detector remains stationary, the pinhole-only scan provides a

pertinent beam waist estimate, with the caveat that it would

not be the true value. Thus, the recommended technique would

depend on the available time of the users and the application

that the characterization is for.

Table II tabulates the beam waist estimates using the dif-

ferent experimental approaches. One can see that the results

produced by the knife-edge and pinhole scanning methods

are in reasonable agreement. However, the pinhole and PCA

scan and both scans without TPX lenses provide much larger

beam waist measurements. This is thought to be attributed

to the reduced electric field projection in the detector plane

for the knife-edge and pinhole-only scanning methods. This

results in a suppression of the side-lobes, and hence an

underestimation of the beam waist. This understanding is

corroborated by the supporting simulations, and we therefore

conclude that scanning the detector with the pinhole provides

a more accurate profile of the beam.



IEEE TRANSACTIONS ON TERAHERTZ SCIENCE AND TECHNOLOGY, VOL. XX, NO. Y, ZZZZ 2020 8

PCA only scan
Pinhole, lens

and PCA scan

measured

simulated

0.5

1

E
 T

H
z
, 

a
rb

.u
.

measured

simulated

0.5

1

E
 T

H
z
, 

a
rb

.u
.

measured

simulated

−10 −5 0 5 10

0.5

1

y, mm

E
 T

H
z
, 

a
rb

.u
.

0.5

1

E
 T

H
z
, 

a
rb

.u
.

0.25 THz0.25 THz

0.5 THz 0.5 THz

0.75 THz0.75 THz

1 THz 1 THz

(a) (b) (c)

(d) (e) (f)

(g) (h)

−10 −5 0 5 10
y, mm

−10 −5 0 5 10
y, mm

(i)

(j) (l)

Pinhole
and PCA scan

0.25 THz

0.5 THz

0.75 THz

1 THz(k)

Fig. 10. Normalised beam profiles at different frequencies: 0.25 THz (a,b,c),
0.5 THz (d,e,f), 0.75 THz (g,h,i), 1 THz (j,k,l) obtained with 0.6 mm pinhole
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placed instead of the second TPX lens (b,e,h,k), and without a pinhole (c,f,j,l).
In all cases, PCA, pinhole (where present) and lens (where present) were
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IV. CONCLUSION

To undertake single pixel imaging measurements, one re-

quires a comprehensive understanding of the beam profile of

the imaging system. Here, the beam profile characterization

of a commercial all fiber-coupled TDS system in collimated

beam configuration is undertaken though a number of profiling

techniques. These include the knife-edge method, pinhole-only

scanning, simultaneous pinhole and detector scanning (with

and without a TPX lens) and detector scanning without a

pinhole or TPX lens. Assisted by stepwise ASM simulations,

we unveil the nuances among the different methods that

impact the true beam waist estimate. We find that the beam

is slightly asymmetric and cannot be considered Gaussian,

except when restricted to the central lobe. In the latter instance,

the frequency-dependent beam waist ranges loosely from 8.4

mm at 0.25 THz to 2.8 mm at 1 THz. Despite the underes-

timation of the actual beam waist provided by the pinhole-

only scan, this would be the most suitable characterization

method for single pixel imaging, since the setup is equivalent

to the imaging scheme. Our findings also include the two-

dimensional map of the frequency-dependent cross polarized

field. We report a moderate cross-polar level (ranging from

-11.6 dB to -21.2 dB within the 0.25 - 1 THz bandwidth), that

should be taken into account when dealing with anisotropic

materials.

APPENDIX A

TIME-DOMAIN SPECTROMETER SETTINGS

The all fiber-coupled THz time-domain spectrometer TERA

K15 Mark II from Menlo Systems is investigated in this

work. Note that its antenna modules are produced by the

Fraunhofer Heinrich-Hertz Institute (HHI). The emitter chip

is composed of an LT InGaAs/InAlAs on InP multi-layer

photoconductive antenna (≈0.35 mm thick in total) in a 25

µm stripline configuration, whose radiation is linearly (x-)

polarized, and a ∅6 mm silicon lens [1]. The detector chip

is instead a 25 µm dipole antenna with 10 µm gap and a ∅6

mm silicon lens. Both silicon lenses are substrate-integrated

aplanatic hyperhemispherial lenses with 3.5 mm height. The

TPX lens has an effective focal length EFL≈54 mm. The THz

path is not purged, which restricts the usable bandwidth to

1 THz given the signal-to-noise ratio when using pinholes.

The lock-in constant was set to 30 ms and the total temporal

length of the recorded waveforms was 52 ps to have a spectral

resolution of 15 GHz.

APPENDIX B

TABULATED BEAM WAISTS

The main lobe beam waists extracted from the different

beam profiling approaches discussed in this manuscript are

tabulated here in Table II for four different representative

frequencies (0.25, 0.5, 0.75 and 1 THz), along with the

temporal peak-to-peak beam waist.

APPENDIX C

KNIFE-EDGE SCAN METHOD

The knife-edge method is a simple technique used to

determine beam parameters. Here, a 50 µm thick metallic

beam block was translated across the middle plane of the

THz setup (whose distance between emitter and detector

TPX lenses is approximately 230 mm) in both the x and

y directions in increments of 0.5 mm, and the decreasing

transmitted electric field measured. From this, the beam waist

can be extracted from the derivative of the detected power

through Gaussian fitting [45], presented in Table II. The field

derivatives presented in Fig. 11(a,b) demonstrate the frequency

dependent characteristic of the beam waist. These results show

that the beam is slightly asymmetric, which is in agreement

with other studies for in-house lens-assisted THz systems

[16], [18], [21], [31]. Such beam asymmetry results from the

combined effect of the slight asymmetric radiation pattern of

the feed and polarization dependent Fresnel coefficients at the

silicon-air interface. Meanwhile, these results mask the non-

Gaussian distribution of the beam that we report in the main

text (previously acknowledged in the seminal work on free-

space-coupled TDS systems [13]), and thus, the provided beam

waist is only a rough estimate of the true beam waist.

APPENDIX D

PCA POLARIZATION SENSITIVITY

To remove the effect of the cross-polar sensitivity of the

detector from cross-polar results, electric field measurements
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TABLE II
BEAM WAIST (IN MM) OF THE COLLIMATED THZ TDS BEAM AT DIFFERENT FREQUENCIES AND TIME-DOMAIN PEAK-TO-PEAK BEAM WAIST. THE

SCANNED PLANE WAS 115 MM FROM THE EMITTER TPX LENS FOR THE PINHOLE-ONLY SCAN, PINHOLE AND DETECTOR SCAN, AND KNIFE-EDGE SCAN,
AND 263 MM (226 MM) FROM THE EMITTER TPX LENS FOR THE SCAN WITHOUT THE TPX LENS AND WITHOUT (WITH) PINHOLE.

Freq,
THz

Axis
⊘1 mm
Pinhole

⊘1 mm
Pinhole + PCA

No Pinhole,
No TPX lens

⊘1 mm
Pinhole, No

TPX lens
Knife edge

0.25
X 5.6± 0.7 8.4± 0.7 13± 0.5 10± 0.5 6.2± 0.3

Y 5.6± 0.7 7.7± 0.7 13± 0.5 10± 0.5 7.4± 0.4

0.5
X 3.5± 0.7 5.6± 0.7 8.5± 0.5 6.0± 0.5 3.5± 0.3

Y 3.5± 0.7 5.6± 0.7 8.0± 0.5 5.5± 0.5 3.4± 0.3

0.75
X 2.8± 0.7 4.2± 0.7 5.5± 0.5 4.5± 0.5 2.5± 0.3

Y 3.5± 0.7 3.5± 0.7 5.5± 0.5 4.0± 0.5 2.0± 0.3

1
X 1.4± 0.7 3.5± 0.7 4.0± 0.5 3.5± 0.5 1.8± 0.3

Y 1.4± 0.7 2.8± 0.7 4.5± 0.5 3.0± 0.5 1.3± 0.3

P2P
X 2.8± 0.7 4.2± 0.7 7.0± 0.5 5.5± 0.5 3.4± 0.3

Y 2.8± 0.7 4.2± 0.7 7.0± 0.5 5.5± 0.5 3.1± 0.3

(a)
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Fig. 11. Knife-edge method illustration (a), and experimental normalised
beam profile spectra obtained from the knife-edge method (b,c).

were taken for varying rotation angle of the detector with

respect to the emitter. The detector was positioned 230 mm

from the emitter with a polarizing grid immediately before it,

to ensure linear polarization of the incident field. The detector

was then rotated around the beam axis (z-axis) from 0 deg to

90 deg in increments of 5 deg, to measure the sensitivity of the

detector to rotated polarization. Fig. 12 presents the Fourier

transformed field as a function of rotation angle.

A decrease of ∼30 dB is measured from the co-polar to
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Fig. 12. Polarization sensitivity spectrum of the PCA detector chip.

cross-polar measurement across all frequencies. The frequency

dependent non-zero field cross-polar measurement was taken

into account to correct the registered co- and cross-polar

profiles. If we denote the co- and cross-polar PCA sensitivity

as η‖ and η⊥, correspondingly, the measured PCA signals Ẽx

and Ẽy can be written as:
{

Ẽx = η‖Ex + η⊥Ey

Ẽy = η‖Ey + η⊥Ex

, (5)

where the actual field values Ex and Ey can be retrieved by

solving the system of equations 5 as follows:


















Ex =
η‖Ẽx − η⊥Ẽy

η2‖ − η2⊥

Ey =
η‖Ẽy − η⊥Ẽx

η2‖ − η2⊥

. (6)

This correction method was applied to the experimental data

to obtain true values of co- and cross-polarised THz fields

presented in Figs. 5 and 6.

APPENDIX E

FAR-FIELD CST SIMULATIONS

The transient solver of CST Microwave Studio® was used to

simulate the response of the emitter chip with the geometrical
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Fig. 13. Far-field cross-polarization THz beam maps simulated in CST
Microwave Studio® for (a) 0.25, (b) 0.5, (c) 0.75 and (d) 1 THz.

dimensions given in Appendix A. The stripline and the optical

fibre were not modelled to reduce computational effort. The

lossless index of refraction of silicon and InGaAs/InAlAs

was assumed to 3.42 and 3.41, respectively. The software-

defined discrete port was used to model the emission from the

photocurrents as a horizontal short dipole at the bottom edge

of the InGaAs/InAlAs substrate. Given the twofold symmetry

of the problem, a vertical electric and a horizontal magnetic

mirror planes were applied to consider only a quarter of the

emitter chip. The software-defined open add space boundary

conditions (equivalent to a perfectly matched layer) were used

for the simulation box boundaries. Two stopping criteria were

considered to either account or not account for the Fabry-Perot

effects arising from wave reflections within the Si lens. For the

former, the simulation time stopped when the residual energy

in the simulation box volume was 60 dB lower than its peak

value. For the latter, the simulation time was truncated when

the leading pulse exited the simulation box volume. The far-

field cross-polarization radiation pattern computed using the

temporally truncated simulation is shown in Fig. 13.
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